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FINAL REPORT ON A CALCULATIONAL PARAMETER
STUDY OF SOILS TYPICAL OF SOME ESSEX I CRATERING SITES

Abstract

The one-dimensional computer calcula-
tions described in this report were per-
formed to simulate stress-wave propagation
and kinetic energy transfer associated with
subsurface cratering detonations in soils.
A hypothetical 20-ton-yield nuclear explo-
sive was assumed as the energy source,
surrounded by a single soil material.

Various soil descriptions were selected in

order to systematically study the range of
soil response to the nuclear detonation.
The soils were representative of the lay-
ered mixtures of sand and clay found at
the ESSEX high-explosive cratering sites
near Ft, Polk, Louisiana. Soil properties
analyzed in this study include water sat-
uration, bulk density, failure envelope,

and low-pressure bulk modulus.

Introduction

The Earth Sciences (K) Division of the
Lawrence Livermore Laboratory (LLL) has
conducted a calculational parameter study
for the Explosive Excavation Division* of
the Weapons Effects Laboratory of the U.S.
Army Engineer Waterways Experiment Station.
The study began a.systematic investigation
into the influence of soil properties on

nuclear cratering and ground motion.

Work performed during the study included

investigating the static properties of
soils, determining the relevant range of

values of those properties to be used in

the study, developing a constitutive rela-
tions model that could derive representa-
tive dynamic properties from given static
properties for hypothetical soils spanning
the ranges of interest in the study, and
calculating the response of each hypothet-
ical soil to a nuclear detonation in one
dimension.

This report reviews the work performed,
with emphésis on the results of the calcu-
lations. For some topics, more detailed
information can be found in the two prog-

ress reports. ’

Objective and Concept

OBJECTIVE
The calculational parameter study de-

scribed here is part of a long-range

*
Formerly known as the Explosive Excavation
Research Laboratory (EERL) of the U.S. Army

Engineer Waterways Experiment Station (WES);

located at LLL, Livermore, California.
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parameter study proposed by the Explosive
Excavation Division.3 The overall objec-
tive of this study is to examine the
phenomenology of nuclear cratering and to
present the results in a form directly
usable in an improved U.S. Army field

handbook predicting various effects of




Geology

Emplacement

Fig. 1.

Concept of total nuclear effects study.

Nuclear
Handbook > Phenomenology

The study will produce information for a

handbook that will predict nuclear phenomenology given the geology, yield, and

emplacement.

nuclear weapons. Generally these effects
are influenced by the site geology, the
explosive yield, and the emplacement
(i.e., both the configuration and the
depth of burial). The effects of greatest
interest are ground motion, crater size,
and ancillary cratering-related effects.
The concept of the total study is shown
schematically in Fig. 1.

A complete investigation into the
effects of site geology alone requires more
work than is entailed in tﬁis year's calcu-
lational parameter study. Thus it is only
a beginning step toward accomplishment of
the long~range objectives of the study and
is not expected to answer all questions
about cratering effects. The primary goal
of this year's study was to identify the
material properties that have greatest
influence on energy coupling and stress-
wave propagation resulting from a buried

nuclear detonation.

CONCEPT

The concept of the calculational parame-
ter study is shown schematically in Fig. 2.
Material properties were separated into two
groups: bulk (or initial) properties and
constitutive relations. Bulk properties
relate to the undisturbed soil only, where-
as constitutive relations describe the
effects of pressure on the material. A com-
prehensive (although not exhaustive) list
of bulk properties was compilea. Kelation-
ships between these properties were derived,
and a set of independent variables was
chosen.

Since this is a follow-on study designed
to clarify and expand the results of the
eight ESSEX ¥ cratering tests, conducted

in the Peason Ridge area of Fort Polk,

*ESSEX is an acronym formed from effects
of subsurface explosions.
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Louisiana, '’

the study was limited to
soils characteristic of that site. The
Soils and Pavements Laboratory (S & PL) of
WES conducted, for ESSEX, an extensive
investigation of the soils at that test
site. The investigation produced 13 ideal-
ized units with material properties typical
of subsurface materials encountered at the
-eight locations studied.6 These units were
examined and used to infer appropriate
limits for the study's independent

variables.

Since a knowledge of the constitutive
relations was needed in order to calculate
the effect of a nuclear detonation in a
given material, a model was developed to
supply representative constitutive
relations given the values of the
independent bulk properties. The model's
applicability was established by comparing
model-generated constitutive relations for
the 13 Fort Polk units with those recom-
mended by S & PL (based on laboratory
tests). The model was then used to develop
constitutive relations for hypothetical
soils with bulk properties spanning the

ranges proposed for the study.

One-dimensional, spherical code calcula-
tions were performed for each hypothetical
soil by means of the SO0C74 code, which is a
time-dependent, Lagrangian, finite~

difference computer code7'—10

that can
simulate stress-wave propagation through
solid materials with generalized
characteristics.

Stress wave propagation away from the
nuclear source and energy coupling into
the soil were calculated as a function of
time. The results were plotted, analyzed,
and compared with other calculational
results. Sensitivity of the results to
individual bulk properties could then be
investigated systematically.

The general method became one of
performing calculations on hypothetical
materials, and varying the independent
bulk parameters within the set limits.
When the results proved sensitive to a
particular parameter, more calculations
were performed using additional values of

that bulk property within the limiting

.range. This process was continued until

adequate curves could be drawn showing the
sensitivity of the calculational results to

that bulk property.

Material Properties and Constitutive Model

GENERAL CONSIDERATIONS

In this study material properties have
been considered under two categories: bulk
properties and constitutive relations.

Bulk properties are static characteristics
of the material in its undisturbed state
(initial condition) only, whereas constitu-~
tive relations define the effects of

pressure on the materials.

BULK MATERIAL PROPERTIES

A review of bulk parameters, which
quantitatively relate information about
bulk properties, was performed for the
purpose of defining independent parameters.
A comprehensive but not exhaustive list
of bulk parameters was compiled and is
shown in Table 1. Mathematical relation-

ships between these parameters were derived




Table 1. Definition of bulk material parameters.
Symbol used ASTM
Parameters in study symbol Description
Composition parameters?@
Densities Po Yo Bulk density (sample mass/sample volume)
Pg Y4 Dry density (mass of solids/sample volume)
Py Yu Mass of water per unit total volume (water mass/
sample volume)
pg GS Grain density (mass of solids/volume of solids)
l Volumes e e Void ratio (volume of voids/volume of solids)
e, —_ Water ratio (volume of water/volume of solids)
¢0 —-— Total porosity (volume of voids/sample volume)
¢a Va Air-filled porosity (air volume/sample volume)
¢W VW Water-filled porosity (water volume/sample volume)
¢s Vs Solid volume (volume of solids/sample volumé)
Saturations Sy S Water saturation (water volume/volume of voids)
Sa - Air saturation (air volume/volume of voids)
Weights W W Water content (weight of water/dry weight of sample)
Y/ - Water content (weight of water/wet weight of sample)
Elastic parametersb
K Bulk modulus
G Shear modulus
"V Poisson's ratio
A Lamé elastic parameter
E Young's modulus
B Constrained modulus
ko Stress ratio in uniaxial strain
8Three independent parameters.
Two independent parameters.
and are given in Table 2. These parameters independent bulk parameters. Of these
fall naturally into two groups: composition five independent parameters, three must
parameters and elastic parameters. Exami- be composition and two elastic. Composi-
nation of the relationships between each tion parameters chosen as independent must
group's members indicates a total of five include one density and one volume ratio,




Table 2. Mathematical relationships among parameters.

Composition parameters (using pg, po, and S

Py = Dg(l - ¢0) + ¢Sy (Note: the density

of water is unity)

Py = pg(l - ¢0)
Pu = P05y
Pg = Pq

e = /(1 - 0g) = (6,/0)

as a base)

W
¢, = ¢0(1 - Sw) (Note: ¢_+¢_+ ¢, =1
¢w - ¢OSW
¢ = 1= ¢
Sw = Sw
S =1-8 (Note: S, + S = 1)

a W W a

e, = 016, = S/ (L = 60) = (8 = 0/ (L = 4) W= 95, /lp (L = 801 = p /o

¢y = (pg - oo)/(pg -8) Z-= ¢OSW/[pg(l - 69 T 9S) = PL/P
Elastic parameters (using K and v as a base)

K=K E = 3K(1 - 2v)

G = 3K(1 - 2v)/2(1 + V) B = 3K(1 - v)/(1 + V)

V= k0 = v/(1 - V)

A= 3Kv/A + V)

or saturation. The remaining composition
parameter and the two independent elastic
parameters can then be selected from their
respective groups, at the investigator's

convenience.

Since the study was limited to materials
typical of Fort Polk, the value of each
bulk parameter was calculated for all 13
Fort Polk units. These are shown in
Table 3; the ranges for each of these
parameters will be discussed in the next
section. Values of the elastic parameters,
other than the bulk modulus K and the
limiting value of Poisson's ratio v, are

a0t shown.

CHOOSING INDEPENDENT BULK PARAMETERS

The three composition parameters cuuscu
as independent during the study were grain
density pg, bulk density po, and water
saturation Sw' These were chosen primarily
for practical reasons. Grain density can
be assumed to be constant (pg = 2.67 Mg/m3),
since it shows only a slight variation at
Fort Polk (2.66 to 2.70 Mg/m3, see Table 3).
It was felt that bulk density would be
more easily measured under field condi-
tions than most other.pdrameters. Water
saturation Sw was used because previous
experience on rocks indicates that this

factor has a strong influence on both




02°0 T€°L €520  YOYE'0 T0°0 686°0 TIZS'O  9EL¥'0  €S00°0  68LY°0  606°0 6160 192 9€Ly°0  ET6E'T $98°T <9 119 €1
8y* €T0°S  €€z°  TEOE® 00"  000°T  £2SST  €LvyT  0000°  €L%%° 608°0  608°0 19°e £Lny” LSy 1 €26°T 9 <€ [A
8Y" Z89°% 96z  L0Z¥ 00"  000'T Z89%"  BIES"  0000°  8TES’ 9€T'T  9ET'T 0L° 81€S” 792°1 96L°T 09 oY 8¢
8€" S¥6'€ %9z°  T09¢T  TO"  [86°0 9S0S° 088"  S900°  yW6Y® $96°0  816°0 8972 088" 055€°T €78°T 09 oY o1
0z* 659°S 081"  w0ZZ°  ¥0°  856°0  L6T9"  €¥9E°  09T0°  €08E" 885°0  ¥19°0 19°c 999€" 959" 1 610°2 9 sg 6
£e” v€Z'T  €SzT  TO¥ET  ZOT 84670  9LTST  8ILyT  LOTOT  we8y’ TT6'0  ZE60 89°C 8TLY" 71881 658°T 9 192 8
og” 8€T'T  €61°  00vZ"  LO0°  ¥T6°0 S06S'  ¥8LE°  OTE0"  S60%° T99°0  £69°0 L9z v8LE" 994571 €S6°T 6 S L
8y° TLT°s 00Tt 00SZT 00° 00°T 9009°  b66E*  0000°  %g6E” $99°0  §99°0 99°7 766€° 94651 L66°T  S6 3 9
8" €6L°€ 6T 66€C°  €0° (9670 STO9"  H¥8E"  OETOT  G/6E’ 8€9°0 65970 99°¢ 7y8e” 9209°1 £86°T  S6 S <
e’ T29°0 S62°  [6Iy"  €0°  S96°0 66S%°  TILST  06T0°  T0%S® EET' T W1 0L°T 44N IALTAN €9L°T 09 0y Y
£e” Z6S'T 9§z 9ywer 80" 0T6'0  000ST  009%°  00%0°  000S’ 026°0  000°T 192 009%° 0S€€°T S6L°T 59 s¢ €
€€” ¥€0°T 0€Z"  ZOOE™ 80  TI6°0  6ZEST  SSThT  0TWOT  TL9y” 66L°0  9/8°0 99°2 ssey SLTY°T £v8°T 59 <t 4
0€°0 ZL1°0  L9T°0  6661°0 (T°0 €280  GL09°0 OEZE'0  0690°0  ST6E'0  ZESTO  9¥9°0 9972 0£2€°0  09T9°T 6£6°T L 34 1
H«ﬂﬂﬁnH Mmmwwcw z ) g g 6 “y %5 0 a ° AmEWNzV Amahwzv Amsmwzv Amsmwzv vhmw »me arun

*s3TuUn jTod 3I0j €T 9yl woajy sorlaodoad JeTI=2IBy ‘€ °Tqel




ground motion and cratering in the range
of interest (0.9 to 1.0).11’12
Bulk modulus K and Poisson's ratio v
were chosen as the independent elastic
parameters. Bulk modulus was chosen
because it can be estimated from a
measurement of the speed of sound if the
initial shear modulus is small enough to
be neglected. Poisson's ratio increases
very rapidly with confining pressure at
very low pressures (~.0l1 GPa) from its
initial value, shown for each unit in
Table 3, to a value of 0.46 to 0.48
(very close to the limiting value at high
pressures of 0.5) for almost all Fort Polk
units. Hence, instead of using the range
of initial values of Vv from the Fort Polk\
data, a constant value, 0.48, was used.
Therefore two of the five independent
parameters were held constant, while three
were varied. Limits of variation for these
three variables were chosen so as to
completely cover their ranges at Fort Polk.
Table 4 lists the values of the two inde-
pendent bulk parameters held constant and
the ranges of values of the remaining three.
By using the values of the independent

composition parameters (pg, Pgs and Sw)

Table 4. Range of values of the five inde-
pendent bulk parameters consid-
ered in the study

Independent bulk parameters held constant

Grain density pg: 2.67 Mg/m3

Poisson's ratio v: 0.48

Independent bulk parameters varied

Bulk density Po' 1.7 to 2.1 Mg/m3
Water saturation SW: 0.8 to 1.0
Initial bulk modulus K: 2.5 to 7.5 GPa

shown in Table 4, the ranges of each
dependent composition parameter exhibited
by the 13 Fort Polk units are spanned

more than adequately. This is shogn in
Table 5, which compares the ranges of the
dependent composition parameters calculated
from Table 4 with the ranges obtained
directly from Table 3. Not only the limits
but also the distribution of the Fort Polk
data within those limits is important for
the study. Figure 3 shows this distribu-
tion by plotting Py Vversus SW for the 13
Fort Polk units. The data are randomly

scattered within an envelope approximately

Table 5. Ranges for the dependent
composition parameters.

Range Range from 13
Composition Calculated Fort Polk units
parameter from Table 4 (Table 3)
o (Mg/m3)  1.12-1.86 1.2417-1.6546
o, (Mg/m’) 0.24-0.58 0.3230-0.5318
e - 0.6137-1.1744
¢0 0.30-0.58 0.3803-0.5401
¢a 0.0-0.12 0.0-0.069
¢w 0.24-0.58 0.3230-0.5318
e 0.5317-1.136
w
¢s 0.42-0.70 0.4599-0.6197
Sa 0.0-0.20 0.0-0.17
W - 0.1999-0.4207

0.167-0.296

z 0.11-0.34

-8-




limited by a Py range from 1.75 to 2.05 and
an Sw range of 0.9 to 1.0, excluding only
unit 1. The parameter study covers a some-
what larger area, with po ranging from 1.7
to 2.1 and Sw ranging from 0.8 to 1.0.

This was done to ensure complete coverage
of the dependent variables over their
respective ranges at Fort Polk and account
for the possibility that the composition

of all materials at the site might exhibit
a wider variation than that determined
from the 13 idealized units.

For the elastic parameters, the range
of values of initial bulk modulus (2.5 to
7.5 GPa) does not span the entire range of
values found in the Fort Polk data (0.172
to 7.31 GPa), as seen from Table 3.
Experience has shown that the effect of
the elastic parameters on nuclear crater-
ing and close-in ground motion (3 to 15 m
for an 84~GJ nuclear detonation) was
minuscule. A few calculations were per-
formed at different values of K to prove
this point, and no further analysis of
the remainder of the elastic parameters

shown in Table 1 was performed.

CONSTITUTIVE MODEL FOR SOILS

A constitutive model was developed to
provide constitutive relations for hypo-
thetical soils having bulk properties in
the ranges discussed in the preceding sec-
tion. This model consists of two parts:

a computer model that predicts compressi-
bility and an empirical model that gives
failure information. This section dis-
cusses briefly each of these models. More
detailed information is presented in a
previous progress report.

Since the S0C74 computer code was used

for the calculations, the model was con-

Bulk density pg (Mg/m3)

2.2 ' '
Envelope treated
in study
1 U
I Approximate
I envelope of Fort \
Polk Data seseesassbocccccce
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Fig. 3. Distribution of Fort Polk units in
po—SW space. The number beside
each data point is the Fort Polk
unit number.

structed so as to output constitutive re-
lations compatible with that code. The
SOC74 code provides for a great deal of
flexibility in the modeling of material
behavior. Regimes of response that can
be modeled include linear elastic or
incrementally elastic compression hyster-
etic compaction, brittle failure, ductile
flow (elastic-plastic failure) tensile
failure, liquefaction or vaporization of a
solid, vaporization of only the water
component in a solid, and gaseous be-
havior. Techniques are available to sim-

ulate certain types of rate-dependent




behavior. Since insufficient data are
available to characterize rate-dependent
effects in the soils being considered, the
constitutive relations for all hypothetical
soils used in the study were assumed to be

rate-independent. The models used in the

S0C74 code also assume that materials are
isotropic and homogeneous.

The SOC74 code uses tabular stress-
strain relationships to specify the re-
sponse of solid media under hydrostatic

compression. The user enters the tables,

which give the pressure P as a function of
the excess compressioﬁ U= p/pO -1,
where Po is the initial density of the
material and p is its density at the pres-

sure P). The general form of the relation

expected by the code is shown in Fig. 4.
Two curves are required for each material:

a "virgin loading" curve and a "completely

/

—_—
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Fig. 4. General form of the compressibility

curve for the SOC74 code.

Pressure P —>

General form of the failure curve

Fig. 5.
for the SOC74 code.

crushed" unloading (and reloading) curve.
The virgin loading curve is assumed to be

reversibly elastic until the transition

pressure Pt is exceeded; once exceeded,

irreversible compactior (hysteretic be-

havior) is allowed. The loading and un-

loading curves are assumed to merge into
a single curve at and above a specified

merge pressure Pm. All air void space is

" assumed to be irreversibly removed on
loading between Pt and Pm. Partial com~

paction is allowed on loading to a maximum

pressure between Pt and Pm' No further

hysteretic compaction is allowed at

pressures above Pm'

The failure criterion in SOC74 is repre-
sented by a table giving permissible shear
stress T versus confining pressure P.

This specification limits the deviatoric
stress (shear stress) that a material can
support. Brittle failure and strength
reduction may be simulated by specifying
two strength curves for a material: a
"virgin" curve and a "completely failed"

curve. The material strength is gradually

reduced from the virgin curve to the

completely failed curve as damage to the

-10-




Table 6.

material increases. The general form of
the relation expected by SOC74 is shown
in Fig. 5.

Compressibility Model

The soil-compressibility model is an
extension of the model developed by
Butkovich13 for certain rock types. Input
numbers for the computer model are shown
in Table 6. Three of the first four input
numbers, po, Sw’ and K, will be recognized
as the independent bulk parameters chosen

for variation in the study (see Table 4).

Values for PT and Pm are dependent
somewhat on the failure model used; input
for these quantities is discussed in the
section that follows. Finally, the weight
fractions of clay and sand must be pro-
vided so that proper weighting of the
loading Hugoniots of sand and clay can be

computed, as discussed in Ref. 2. These

weight fractions were held constant (ZCLA
0.25 and ZSIL = 0.75) in the study.

The model appears to be quite adequate
for predicting compressibility for soils
typical of Fort Polk. In a recent prog-
gress report,2 compressibility curves

generated using the bulk properties of the

Input required for soil-compres-
sibility model

Initial bulk density (Mg/m3)

Grain density (2.67 Mg/m3)

- Water saturation

K Initial bulk modulus [GPa x 100 (Mbar)
Transition pressure [GPa X 100 (Mbar)]
Merge pressure [GPa X 100 (Mbar)]
ZCLA Weight fraction of clay (0.25)

2SIL Weight fraction of sand (0.75)

~11-

Pressure (GPa)

0.04

0.03

0.02

0.01 I
— WES
— —= Mode!
0 1
0 0.01 0.02 0.03 0.04

Excess compression

Fig. 6. Comparison of the model-generated
compressibility curve using the
bulk properties of Fort Polk unit 5
soil with the WES-recommended curve.

13 Fort Polk units (see Table 3) were com-
pared to the WES-recommended curves (S &
PL), which were based on laboratory tests.
For almost all units, adequate agreement
was observed., Figure 6 shows this com-
parison at low pressures (0 to 0.04 GPa)
for unit 5. This unit layer was recom-
mended at or near shot depth on several of

the ESSEX I high-explosive experiments.6




Failure Model and Strength Parameters

As discussed earlier in this section,
SOC74 requires a failure curve of the form
shown in Fig. 5. Moreover, thé compressi-
bility model requires the input of two

strength parameters, P, and PT. So far

three independent bulkMparameters have been
chosen for variation. If in addition the
failure curve and PM and PT were also
independently varied, the number of in-
dependent variables in the study would
become prohibitively large. This section
discusses how the failure curves for the
hypothetical soils were chosen and how P

M
and P, were tied to those curves, thereby

T
reducing the number of independent varia-
bles from six to four.

In the progress report2 an attempt was
made to correlate the measured maximum
shear strengths of the Fort Polk soils
with their bulk properties, in particular,

water content. Such a correlation was

found by Butkovich13 to exist for some
rock types. However, the results found

for Fort Polk soils were inconclusive.

In order to establish approximate fail-
ure criteria for the hypothetical soils,
then, an empirical model was developed.
This was based on the WES-recommended fail-
ure curves for the 13 Fort Polk units6 and
for an additional unit, unit 14.14 This
latter was identified by S & PL as a "weak
rock," having strength characteristics
exceeding those of the other 13 units.

These units were divided into four groups:

uncemented-saturated (units 6, 11, and 12),

uncemented-unsaturated (units 1, 2, 4, 5,

7, 8, and 10), cemented-unsaturated (units
9 and 13), and weak rock (unit 14). Maxi-

mum and minimum typical (or fitted) curves
were then drawn for each of the four
groups. These sets of typical curves were

then used as another independent variable.

1.0 | I | T

Shear stress 7 (MPa)
o
o

SX
Unit 6
M
p Unit 11
Unit 12
. l l l l | a | l
0 4 8 12 16 20

Pressure P (MPa)

Fig. 7. Failure curves for uncemented-saturated soils (SM and SX).
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Fig. 8. TFailure curves for uncemented-unsaturated soils (UM and Ux).

%0 P 8

Typical curves for the uncemented-
saturated group (SM and SX) are shown in
Fig. 7. In this case they correspond to
the actual maximum and minimum curves
recommended by WES. Fig. 8 shows typical

curves for the uncemented-unsaturated

group (UM and UX). They also correspond
closely with the maximum and minimum

curves recommended by WES. The unsaturated-
cemented (CM and CX) curves, as Fig. 9
shows, do not follow the data as closely.

In particular, the plateau or step that
appears in the data for unit 9 was not
included in the CX curve. This was because
this region is not reached on initial load-

ing. (Use of a constant Poisson's ratio

Since the step behavior is thought to be
associated with pore collapse, it should
not be present during unloading after load-

ing to higher pressures. Thus the same

|
does not allow failure to occur below PM).
-13~

curve, CX, was used for both loading and
unloading. Finally, Figure 10 shows the
typical curves for weak rock (RM and RX).
The RX curve follows the unit 14 curve
closely. The RM curve was chosen so as to
have a maximum shear strength Tx exactly
half that of the RX curve, 10 MPa.

For the study, the merge pressure PM was
chosen to be a function of the maximum
shear strength Tt Figure 11 shows PM
versus T_ for the unsaturated Fort Polk
units. The values show considerable
scatter. Hence, somewhat arbitrarily, P

M
(in megapascals) was related linearly to Ty

PM = STX + 9.5.
This line falls in the middle of the data
shown in Fig. 11 and hence is representa-
tive of Fort Polk soils.

The transition pressures PT were the
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Fig. 10. Failure curves for weak rock (RM and RX).
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Table 7. P, PM, and Tx used for hypo-
thetical soils of the Fort Polk
type.

Failure Tx PM PT

Model Curve (MPa) (MPa) (MPa)
Uncemented, SM 0.17 0.31 0.01
saturated SX 0.23 0.50 0.01
Uncemented, UM 0.17 10.4 0.1
unsaturated Ux 1.03 14.7 0.1
Cemented, cM 2.40 21.5 5.0
unsaturated cX 3.10 25.1 5.0
Weak rock RM 5.0 34.5 8.0
RX 10.0 60.0 8.0

same for each set of curves for all four
failure models. Their values were derived
by averaging the values given for each
group of Fort Polk units.

Table 7 summarizes Tx’ PM’ and PT for

each of the eight failure curves.

Merge pressure Py, (MPa)

e10
5|— -]
o4
0 | 1 | !
0 1 3 4 5
Maximum shear strength 7, (MPa)
Fig. 11. Merge pressure Py vs maximum shear

strength Tx for Fort Polk units.

Calculations Performed

ZONING, MATERTAL BOUNDARIES AND INITIAL
CONDITIONS

A hypothetical nuclear source with an
energy yield of 84 GJ (0.02 kt) was used
for all calculations. It was represented
by a sphere of iron gas initially having a
0.27-m radius, a 370-GPa pressure, and
a l.S—Mg/m3 density. The equation of state
of the iron gas used in SOC74 was developed

by Chapin and Butkovich.15

The nuclear source was surrounded by a
spherical shell of hypothetical soil extend-

ing from the source radius to a radius of

-15-

200 m, which is effectively infinite for
these problems. Thus there were no reflec-
tions from the outer boundary during the
20-msec simulation.

Both source and soil were divided into
zones consisting of concentric spherical
shells. The source contained 20 zones of
equal thickness, while the soil contained
505 zones varying in thickness according to
a geometrical progression from 0.0136 m at
the edge of the source to about 2 m at the
outer edge of the problem (200 m). The
initial state of the problems, including
zoning and initial source conditioms, is

shown diagrammatically in Fig. 12.
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@
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Material
boundaries

200 m

A

Hypothetical

soil

505 zones,

thickness increasing

geometrically from
0.0136t0 2.0 m

BULK PROPERTY AND CONSTITUTIVE-RELATION
INPUT FOR INDIVIDUAL CALCULATIONS

Results from 25 SO0C74 calculations are
included in this report. For convenience
in referring to individual calculations,
mnemonics were developed. The mnemonic is

of the following form:

F - DO/SW,

region (~1% grading) where F gives the letter designation of
the failure model used (e.g., UM or CX).
The middle part, po/Sw, gives the initial
values of Po (Mg/m3) and S, used. There
were only two calculations with values of
0.0136 m K that differed from 5.0 GPa. For these
0.27 m § \
Iron-gas 20 zones, two calculations the value of K is in-
Soumemgfn 0.0135 m thick cluded in parentheses to the right of the
0.00 m
mnemonic. (See Table 8, p. 18.)
The compressibility curves on loading
Fig. 12. Diagram of zoning and material .
boundaries for SOC74 hypotheti- and unloading, for each of the 25 calcula-
cal nuclear problems. tions, are included in Appendix A. This
Failure Model [maximum shear stress (MPa)]
= E g B 3 = 5 3
e e - o ] o o =
s X X = X
S 3 5% 3 3 z S
R A | 1 [ K
] 1 L R [ 3 L) i 1
1.7] x T
25 Py 1.9
2.1
080909510 08090951.0 080909510 080.90951.0 | 0.80.90951.0 0.80.90.951.0
g 17X X X X X X X X X X
O 50f4 p 18] X X X . E
¥ 21X X X X X X X X X X
L ] [l J L ] [ J
T | | T
A B C D
1.7] X
75 - Py 1.9
2.1. N
Fig. 13. Summary of calculations performed in the parameter study.
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information, together with the appropriate

failure curve (Figs. 7, 8, 9, or 10) de-
scribes completely the input for each

calculation.

~ ORGANIZATION OF THE CALCULATIONS

Figure 13 shows the organization of the
calculations. The values of all four in-
dependent variables (po, Sw’ K, and failure
model) are shown for each calculation.

This was accomplished by constructing a
series of small two-dimensional grids

(in Po and Sw) and then overlaying a large
two-dimensional grid in K and failure model.
The small grids within the large grids are
positioned so as to reflect the correct
value of K and the correct failure model.
The locations of the X's within each small
grid give the values of p0 and Sw. Thus

the calculations needed to investigate the
effect of a particular independent variable
can be readily identified. For example,
the effect of density can be determined
with the calculations performed for K =

5.0 GPa and for all failure models at Sw =
0.9. In addition, it can be determined for
the UM-SM failure curves for SW = 0.9,
0.95, and 1.0.

Figure 14 shows the calculations per-
formed in (po, Sw) space, overlaid on

Fig. 3. This shows that the limits of the

22 | T
UM
UX
C™M SM
UM cX UM SX
211 *—— * *
|
| Approximate
Envelope treated envelope of Fort
nv
- in the study | Polk Data .\ ...............
™ \ﬁl R [d
£ : 9
E 20 I : "'i
= : °
= | : 5
S | ;
°
>
£ i ° 7
b5 1 12¢
3 | ;
x 9l UM* UM* -
E 19 = o~
| .
| 8e13
| ‘e [
I i2 10
|
1.8 : [ 4 -
° : L
! P3 1
| omi A0
| UXx
: cM SM
1.7 i CcX N liM SX
0.7 0.8 0.9 1.0
Water saturation S,,,
Fig. 14. Plot of calculations performed.

in pO—SW space.

study are covered sufficiently in that
space, for all failure curves typical of
the 13 Fort Polk units. It can also be
seen that most of the calculations per-
formed were at S, 2 0.9. Thus the study
was biased toward the region where most

of the Fort Polk data is concentrated.

Calculational Results

PHENOMENOLOGY OF THE NUCLEAR DETONATION

The total yield, 84 GJ (20 tons), re~
sides initially in the sphere of iron gas
representing the nuclear device. The high

initial pressure in the iron gas causes it

-17-

to expand rapidly, compressing the surround-
ing soil. For a short time after energy
release (~19 usec) the shock wave generated
in the soil by the iron-gas expansion is
strong enough to vaporize the soil (pres-

sures exceeding 110 GPa). The shock wave




attenuates very rapidly, and by the time of iron gas and vaporized soil, then,

it has reached a range of approximately comprises the nuclear cavity, which con-
0.55 m, it is unable to cause further soil tinues to expand into the surrounding soil.
vaporization. Since this radius is Spherical divergence and inelastic
roughly twice the initial radius of the effects continue to attenuate the peak
iron-gas region (0.27 m), the total mass pressures as the shock wave travels be-

of vaporized soil is considerably greater yond the soil-vaporization radius. In
(roughly by a factor of 10) than the mass the pressure regions between 10 and 100

of the nuclear source. The combined mass GPa, the shock wave can vaporize the free

Table 8. Figures giving plots of kinetic energy vs time and peak
stress and particle velocity vs range for the 25 SOC74

calculations.
, Peak particle
Calculation Kinetic energy Peak stress velocity
UM-1.7/0.8 55 56 57
UM-1.7/0.9 26, 45, 55 27, 46, 56 28, 47, 57
UM-1.7/0.95 48, 55 49, 56 50, 57
SM-1.7/1.0 20, 51, 55 21, 52, 56 22, 53, 57
UM-1.9/0.9 45, 58 56, 59 47, 60
A- UM-1.9/0.95 48, 58 49, 59 50, 60
SM-1.9/1.0 51, 58 52, 59 53, 60
UM-2.1/0.8 61 62 63
UM-2.1/0.9 29, 45, 61 30, 46, 62 31, 47, 63
UM-2.1/0.95 48, 61 49, 62 50, 63
SM-2.1/1.0 23, 51, 61 24, 52, 62 25, 53, 63
UX-1.7/0.9 26 27 28
UX-2.1/0.9 29 30 31
¥ sx-1.7/1.0 20 21 22
SX-2.1/1.0 23 24 25
CM-1.7/0.9 16, 32 17, 33 18, 34
CX-1.7/0.9 32 33 34
“ o-2.1/0.9 35 36 37
CX-2.1/0.9 35 36 37
RM-1.7/0.9 38 39 40
e RX-1.7/0.9 38 39 40
RM-2.1/0.9 41 42 43
RX-2.1/0.9 41 42 43
B CX-1.7/0.9(2.5) 16 17 18
CX-1.7/0.9(7.5) 16 17 18
~18~




water contained in the soil (but not the
solid material). As cavity expansion
continues, the gas pressure drops and radi-
al expansion decelerates. A typical plot
of cavity pressure versus time is shown in
Fig. 15. By the time the pressure at the
front drops below 10 GPa, it has separated
from the cavity and has started to propa-
gate in a manner similar to a shock wave

driven by high explosive in the same soil.

EFFECT OF INDEPENDENT VARIABLES ON GROUND
MOTION AND ENERGY COUPLING

This section reviews the direct results
obtained from 25 SOC74 calculations. Many
quantities can be obtained from SOC74, as a
function either of range or of time. The
results presented in this section are limit-
ed mainly to kinetic energy coupled to the
soil and to peak stress and particle veloc-
ity versus range in the soil. The calcu-
lational results are compared in order to
show the effect of each of the four inde-
pendent variables: K, failure envelope,

po, and Sw.

Location of Plots for Individual Calcula-
tions

In order to allow for comparisons other
than those presented in this section,
Table 8 lists, for each of the 25 SOC74
calculations, the figures that can be
consulted to obtain the kinetic energy
versus time and peak stress and particle
velocity versus range. They are grouped
according to the letter designations "A"

through "E", as shown in Fig. 13.

Effect of Initial Bulk Modulus

As already mentioned, the effect of the

initial bulk modulus K on ground motion was

-19-
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Fig. 15. Typical curve of cavity pressure
vs time for an 84-GJ (20-tomn)
nuclear detonation, Z = 20%.

felt to be minimal. Therefore only two
calculations were performed with values
that differed from 5.0 GPa: CX-1.7/0.9
(2.5) and CX-1.7/0.9 (7.5), where K was
equal to 2.5 and 7.5 GPa, respectively.
Unsaturated, cemented hypothetical soils
were chosen for the variation of K in
order to maximize the effect for soils
typical of Fort Polk. Figure 16 shows the
kinetic energy coupled to the soil for the
two calculations referred to above and
CX~1.7/0.9 (this calculation according to
the convention used in this report, has K =
5.0 GPa). The three curves are nearly the
same, indicating that varying K does

not affect the coupling of kinetic energy.
Cratering is directly related to the cou-
pled kinetic energy, and hence K also does
not affect cratering. Figures 17 and 18

show, for the same three calculations, the
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Fig. 19.

peak stress versus range and peak particle
velocity versus range, respectively. _
Again, varying K has no effect on the cal-
culated results. Figure 19 shows that
varying K also does not affect the peak
arrival time. First arrival, however, is
affected because K determines the velocity
of the acoustic wave. Very little kinetic
energy is associated with this "precursor,"
however, and consequently it has very
little effect on cratering or close-in

ground motion.

To summarize, for soils of the Fort
Polk type, K has only a minor effect on
the close-in ground motion and dynamic
crater formation resulting from a nuclear

detonation.

=21-

Effect of K on first arrival and peak arrival times.

Effect of Failure

In this section we analyze in two ways
the effect of failure on energy coupling
and ground motion. First, we compare the
relative effect of the maximum and mini-
mum failure curves (Figs. 7 through 10) for
each category (e.g., uncemented, saturated
soils). Second, we attempt to give the
total, qualitative effect of failure by
summarizing results from all of the cal-
culations.

Figures 20, 21, and 22 show the effect
of the maximum and minimum failure curves
on coupled kinetic energy versus time, and
peak stress and peak particle velocity
versus range, respectively, for the un-

cemented, saturated soils (SM and SX) with
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Fig. 20. Effect of failure on coupled kinetic energy for uncemented, saturated soils
(p0 = 1.7 Mg/m3).
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Effect of failure on coupled kinetic energy for uncemented, saturated soils

an initial bulk density Po = 1.7 Mg/m3.
Figures 23, 24, and 25 give the same com-
parison for soils with Po = 2.1 Mg/m3. In
all cases there are only very minimal dif-
ferences between the curves, indicating
that, for the saturated soils, either
failure curve (or any drawn between the

SM and SX curves in Fig. 7) will adequately
represent the entire category.

The same comparison is shown in Figs.
26, 27, and 28 for oy = 1.7 Mg/m3 and in
Figs. 29, 30, and 31 for Po = 2.1 Mg/m3
for the uncemented, unsaturated (UM and
UX) category. These calculational re-

sults show that, although the differences

Fig. 24, Effect of failure on peak stress
vs range for uncemented, satu-
rated soils (p0 = 2.1 Mg[m3).
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Effect of failure on peak stress
vs range for unsaturated,
cemented soils (S, = 0.9,

Py = 1.7 Mg/m3).

Range {m) 10,000

between the peak-stress and peak-particle-

velocity curves are very small at both

the UM curve at late times (>10 msec).

The above is seen to be true also for
the cemented, unsaturated soils, as shown
ig Figs. 32, 33, and 34 for Py = 1.7 Mg/
m” and in Figs. 35, 36, and 37 for
= 2.1 Mg/m3. Again, for both densi-

Peak particle velocity {m/sec)

100 |—
o
ties, the calculated peak stresses and
particle velocities are not significantly
affected by the difference in shear

strength between the CM and CX curves

CM-1.7/0.9
CX-1.7/0.9

(Fig. 9). 10

difference between the maximum shear
strengths of the RM and RX curves (Fig. Fig. 34.
10). This difference, about 5 MPa, leads

to a more substantial effect on kinetic

densities, the UX failure curve gives a
lower coupled kinetic energy than does 1.000
1
For the weak rocks there is a large
-27-
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Effect of failure on peak par-
ticle velocity vs range for
unsaturated, cemented soils
(Sy = 0.9, py = 1.7 Mg/m%).
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ticle velocity vs range for
unsaturated, cemented soils
(Sy = 0.9, py = 2.1 Mg/m3).
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Fig. 38. Effect of failure on kinetlc energy coupling for weak rocks

1

(S = 0.9, py = 1.7 Mg/m ).

energy coupling and to a slight, but no-
ticeable, effect on the peak particle ve-
locity versus range. These effects are
shown in Flgs 38, 39, and 40 for po
1.7 Mg/m and in Figs. 41, 42, and 43 for
g = 2-1 Mg/m .
Thus increasing the strength Tx within
any one category lowers the kinetic energy
coupled to the material at late times
(>10 msec) and also lowers the peak parti-
cle velocities in the intermediate range
(~10 m). The peak stress, however, is not
affected.

It is more interesting to loek at the
total effect of failure, using all of the

calculations. 1In order to do this, the

Fig. 39. Effect of failure on peak stress
vs range for weak rocks -
(s, = 0.9, oy = 1.7 Mg/m3).

Peak stress (GPa)
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kinetic energies were plotted at a constant
time (15 msec) and the peak particle veloc-
ities and stresses at a constant range

(12 m). This time and range were chosen
because they are very important to low-
yield nuclear cratering at the optimum
depth of burial for soils. Figure &44a
plots the coupled kinetic energy at 15
msec versus T_. For both sets of calcu~
lations (p0 = 1,7 and oo = 2.1 Mg/m3) the
coupled kinetic energy decreases with in-
creasing TX. Also, the difference between
the two curves is roughly constant. Fig-
ures 44b and c plot the peak stress and
particle velocity at the 12-m range ver-
sus Tx' Although the peak particle ve-
locity decreases slowly with increasing

Tx’ no clear correlation exists for the
two different densities, as was seen for
the kinetic energies in Fig. 44a. The

peak stress seems to increase with Tx’
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Fig. 42.
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but this may not be true in light of the
artificial viscosity Q used in the SOC74
code. The effect of this term in the
finite-difference equations is to spread
the shock front out in both time and
space. In order for the total impulse
to be correct, then, the peak value must
be reduced somewhat from its "true" val-
ue. As Q is increased, the effect in-
creases. Since higher values of Q are
required for the lower strength soils
than for the weak rocks (Tx > 5.0 MPa),
the calculated peak-stress values at the
lower values of T, on both the Py = 1.7
and Py = 2.1 Mg/m3 curves are actually
slightly higher. This indicates, then,
that there is essentially no variation of

peak stress with T_.

Effect of Density

As can be seen from Fig. 13, calcula-
tions were performed for hypothetical
soils having initial bulk densities of
1.7, 1.9, and 2.1 Mg/m3. In the pre- ‘
ceding section it was found that both
peak stress ahd peak particle velocity
were not affected strongly by the maxi-
mum shear strength. The kinetic energy
was affected, but the effect was similar
for both of the densities (p0 = 1.7 and
Po = 2.1 Mg/m3) used. In order to study
the effect of density, then, the failure
curve, as well as K, could be held con-
stant. For the unsaturated soils, the
UM curve (Fig. 8) was used; for the sat-
urated soils, the SM curve (Fig. 7) was
used. By using the results given in the
preceding section, the effect of density
can be found for all failure models within
the scope of the study.

Figure 45 shows the effect of po on

kinetic energy coupling versus time for
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Fig. 45. Effect of density on kinetic energy coupling (uncemented soils, Sw = 0.9).

Sw = 0.9. Generally, increasing po in-
creases the kinetic energy coupled to the
soil. Figures 46 and 47 show the effect
of po on peak stress and peak particle
velocity versus range, respectively (also
for SW = 0.9). When po is increased, the
peak stress also increases, but the peak
particle velocity decreases slightly.
Figures 48, 49, and 50 show the same
comparison for SW = 0.95 and Figs. 51, 52,
and 53 for Sw = 1.0. The general effect

is the same at all three saturations:

Peak stress (GPa)

increasing po increases the coupled kinetic
energy and peak stress, and decreases
slightly the peak particle velocity.

In order to examine the total effect of

density, Fig. 54a shows the coupled kinetic

Fig. 46. Effect of density on peak stress
vs range (uncemented soils,
Sw = 0.9).
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energy at 15 msec versus pO, and Figs. 54b
and ¢ show the peak stress and peak parti-
cle velocity, respectively, at a range of
12 m. At all three values of Sw’ the
‘kinetic energy increases linearly with Pye
The coupled kinetic energy at any time is
the integral over all space of the density
p times the square of the particle veloc-
ity. By increasing Py the quantity
directly affected is p; hence one might
expect a linear increase in the coupled
kinetic energy with increasing Py Figure
54b shows that the peak stress is also
almost linearly proportional to Py» espe-
cially for Sy = 1.0. The peak-particle-
velocity plot (Fig. 54c) shows that the
effect of P is strong only for Sw = 1.0.
In conclusion, knowledge of the initial
bulk density P is shown calculationally
to be important; it is a convenient vari-

able because all three calculational quan-

tities examined are roughly linearly

proportional to it.

Effect of Saturation

The effects of three of the four inde-
pendent variables have been discussed so
far in this section. They have been dis-
cussed in their order of increasing impor-
tance to ground motion and cratering: K,
failure, and density. This section re-

views the effect of saturation at three

different initial bulk densities: po
1.7, 1.9, and 2.1 Mg/m3. As in the pre-
ceding section, the comparison is made
for the UM and SM failure models and for
K = 5.0 GPa.

Figure 55 shows the effect of varying
Sw from 0.8 to 1.0 on kinetic energy cou-
pling for Py = 1.7 Mg/m3. The overall
effect is substantial, especially at late

time (15 to 20 msec), with the kinetic
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Fig. 55. Effect of saturation on kinetic energy coupling (uncemented soils,

Py = 1.7 Mg/m3).
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energy coupled increasing almost twofold
as Sw goes from 0.8 to 1.0. Furthermore,
the effect of SW increases as Sw ap-
proaches 1.0: the effect as Sw goes from
0.95 to 1.0 is roughly the same as the ef-
fect as Sw goes from 0.8 to 0.95. Thus
increasing Sw increases the coupled kinet-
ic energy substantially, and it becomes
particularly important to know the value
of Sw if it is in the range from 0.95 to
1.0.

Figures 56 and 57 show the effect of

Sw on peak stress versus range and peak

at a range of 10 m, the peak stress goes
from 0.012 GPa at Sw = 0.8 to 0.05 GPa at
Sw = 0.95, a fourfold increase. At Sw =
1.0, the peak stress is 0.17 GPa, an in-
crease of more than threefold over its
value at Sw = 0.95. Beyond the 12~ to 15~
m range for the unsaturated soils, the
peak stress attenuates very rapidly.

This is because the Fort Polk soils are

so compressible at low stresses. The
peak-particle-velocity plot, Fig. 57, does
not show as great a variation as is seen

for the peak stress out to a range of

“about 11 m. Beyond that range, the un-

satufated soils (0.8 f_Swli 0.95) atten-—
uate the peak particle velocity very
rapidly.

Figures 58, 59, and 60 show the kinetic

energy coupling versus time and peak stress

10,000 l

1,000

Peak particle velocity (m/sec)

particle velocity versus range, respec-

tively, also for op = 1.7 Mg/m3. The

peak stress, like the kinetic energy, is

affected very strongly by Sw, especially

as Sw goes from 0.95 to 1.0.

For example,
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and particle velocity versus range, respec-
tively, for o = 1.9 Mg/mB; likewise

Figs. 61, 62, and 63 show the same calcu-
lational results for Py = 2.1 Mg/m3. The
general trends found for the low-density
soils are followed also for those at

higher densities.

Figure 64 reviews the total effect of
Sw on kinetic energy coupling and ground
motion for all three densities considered.
Thus the relative effect of both po and
Sw can be seen in Fig. 64a for coupled
kinetic energy. As SW approaches 1.0,
P becomes relatively unimportant. Over
:he relevant Fort Polk range (0.9 <
Sw.i 1.0), Sw seems to be the most criti-

cal factor in the determination of the
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coupled kinetic energy. For SW < 0.9,
po and Sw are equally important. Figure
64b shows the peak stress at the 12-m range
versus Sw' Again, in the relevant Fort
Polk range for Sw, the quantity SW is
clearly the critical factor in determin-
ing the peak stress. On the scale of the
effect of Sw on peak particle velocity
(Fig. 64c) the determining factor is only
Sw’ and it is critical to know its value
if it lies between 0.95 and 1.0.

To summarize, then, Sw has been found
to be the most important of the independent
bulk parameters considered in the study.
Increasing SW increases both the strength
of the ground motion and the kinetic en-
ergy coupling, especially as Sw approaches
1.0.




Summary and Conclusions

A calculational parameter study was
performed to investigate the sensitivity
of ground motion and energy coupling in-
duced by a buried nuclear explosive to
changes in the bulk properties of the em-
placement medium. Of specific interest in
the study were soils typical of the sites
of the ESSEX I high-explosive-cratering
experiments located at Fort Polk, Louisi-
ana. The calculations were one-dimensional
and utilized a hypothetical 84-GJ (20-ton)
nuclear source. Constitutive relations
based on the bulk properties that were
varied in the study were generated using a
constitutive model developed during the
course of the study. Output from this mod-
el is used directly as input to SOC74, the

computer code used in the study.

The bulk properties varied included the
initial bulk density po, the initial bulk
modulus K, and the initial water satura-
tion Sw' An additional property, failure,
took into account the shear strength of
the soil. These properties, along with
the grain density pg and Poisson's ratio
(held constant throughout the study), made
up an independent set from which all other

bulk properties could be calculated.

Results from 25 SOC74 calculations were
plotted, and the relative effect of the

four independent variables was examined.

It was found that, in the order of in-
creasing importance, K, failure, po, and
Sw affected both the ground motion and the
coupling of kinetic energy to the soil.
Furthermore, it was found that, for values
of Sw between 0.95 and 1.0, the calcula-
tional results varied considerably, with

a slight increase in SW leading to much
stronger ground motions and much more ef-

ficient energy coupling.

In a study of the cratering efficiency
of explosions in various rock types by
Terhune et al.16 it was concluded that the
material properties in order of decreasing
importance were water content, shear
strength, porosity, and compressibility.
Although the selection of independent pa-
rameters in our soil study varied somewhat
from those chosen by Terhune et al., the
results from our study provide similar
conclusions for the prescribed range of
Water satura-

Max-

Fort Polk soil parameters.
tion is the most sensitive parameter.
imum shear strength, which ranged from
about 0.2 to 10 MPa for the soils, is of
less significance for soils than it is
for rocks. For soils, bulk density (poros-
ity for a given grain densi.y) is a more
important parameter to cratering than is
shear strength. Finally, the initial or
low-pressure bulk modulus is the least

sensitive parameter studied.
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Appendix

Compressibility of Hypothetical Materials

Compressibility was calculated for
each hypothetical material using the model
described under "Constitutive Model for
Soils." The inputs for this model were
the independent bulk properties plus the
merge and transition pressures associated
with the particular failure model used.
Values for the independent bulk parameters
and the failure model used can be obtained
directly from the name listed at the top
of each table, as discussed under "Bulk
Property and Constitutive-Relation Input
for Individual Calculations,'" while values

of PT and PM are taken from Table 7. All
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compressibilities for hypothetical ma-
terials were derived assuming a mixture

of 25 wt% clay and 75 wt% sand. The
following tables list the P-u data ex-
actly as input to the SOC74 code, for

all 25 hypothetical soils or weak rocks
used in the study. Since the S0C74 pro-
gram uses pressures (P) in megabar units
and . volumes (V) in cubic centimeter units,
the actual tables are in those units. The
quantities "EF" and "EV" are the calcu-
lated specific energies required to melt
and vaporize the hypothetical soil, re-
spectively.




Table Al. |Coordinated failure model, UM - 1.7/0.80 (Fig. 8).

Input variables

oy = 1.7 Mg /m> 5, = 0.80 K =5.0 GPa
P, = 100 kPa P, = 10.4 ¥Pa

Output
Z = 0.2441 6, = 0.5187 6, = 0.1037
e, = 0.8622 EF = 5.471 kJ EV = 30.57 kJ

LCADING PATH

DP/DV MU . DP/DMU
@a. . .
00020  9.A50000

P

-0.0858A2
-8.800281 .B57627 0.008156
.875150 0.008571

-8.881183-

.IGIBIS “ 8.885585 0.088366
.B98v39 0.881511
. 187623 8.0@2250
L117275 0 B.BAZ110
. 118354  0.883709
. 126639 © 0.041183

a.

a.

5}

5}

ﬂ.
- .
i S
0L E a.
1. o, .
ALK . .AS1EYS . 125366 B.842761
a 8. -B.837266 - 0.123811 0.8458008
a. 8. -0.1B5537 . 138@31 0.843308
a. @, -A.124872 . 1SEBB2 8.8553832
. a. -R.166312 . 133933 B.A71478
Q. a.c -A.223rA1 . 2856833 8.892139
3. a. -0,293382 .231588 - B9.116229
a.o a. -0.345538 . 235933 B.133536
AN S} a.d -8, 353367 .238831 8.138851
G 8.4 -8, 423846 .270878 - B.168321
0.0 8. -0.559473 . 295068 a.200824
0.0z 8. -B.670264 7 ©.312310 . 8.231989
2.8 a.: -0.733828 .335132 - B.262306
a.a @, -8.94755 . 367838 0.305194
.o A, < -1.212373 . 422466 0.366517
o1 5 ~-1.638264 .511722 R.448148
8.1 5 ~-1.8858932 627827 8.431761

-2.3433083. . 723487 8.49a772

N === OOOIIRCEOIRIIIIODIOAANIIIIECRCOT

0.3 -2.87BE15 .926722 . B8.306884
o, < (238 5.352878 .B52383 B.796381
a. 4l .BR3ER22 . 150288 © 1.821483
a. 4l 322355 237951 .1.135588
6.8 a. . 726758 . 333233 1.287338
1.8 @ .97 1373 .539782 . 1.454883
1 a. 1,279757 .831983 . 1.664967
2.880008 a. ,952328 . .897777 : 1.874845
AMLTADING PATH

. 10020 n. 11 a.

RIRE K TH o1t B.833292
i [, 1158 0.039443
i A, 116252 A.033556
i . 116518 8,p832%669
£, g a,11va12 0.839839
0N 8.117511 8.84P066
L Oning B, 118259 B.848348
FLonnng B8.118354 9.848541

-47-




Table A2.

O
o
it

jav
"

N
|

1.091

o
]

Dy

—— TR

2.

0.
I
i
b
b,
i,

fi, it

I AR

[y g ax o N e Wl ws W Rao R u

Coordinated failure model, UM - 1.7/0.90 (Fig. 8).

1.70 Mg/m3

100 kPa

= 0.2901

L Bac CU

RAnEnn

.ﬂﬂlﬂﬂﬂ

. 40BROAE
. SHEEO0
.BERaEn
. 8gnens
LBoREEs
. S00E60
anarsp

[RIRIRINIE S

ot
RS I RN

IRIRIRIR NG|
[RINTRIRARTR
VR

LR R RIS

(R

i

a.

1.
it
i,
.
bt
(K

IR0 CTOOEE DS D

[

Input variables

S = 0.90

W

PM = 10.4 MPa
Outgut

9, = 0.5480

EF = 05.938 kJ/cm>

LOADING PATH
DR/DV

-0.085RE2

-8. GUBQ“’
—-B8.106573

’ qﬂallq
.6A57 18
.”lﬁ“ﬁl
8275
.14788

.d94E61
-1.734453

2._Pbbnq
~2.818702
~5.B82453
—? 1A3901
2 2.993845
I'e —10.738134
1 -13.669175
1511 -18,268455
463 -24.,940676

UHLIMDING PATH

SN099

LY
Tty

[ IRPToT
(IRt I

Lo
v|H

hIH
HJ Lt

-48-

MU
a.
0.800020
0.629006
B.837924
8.043251
a, Dvﬁlrﬂ

0.Re3207
B.A68160
a.872869
n.821644
A. 108634
a, 1 6795
a. ’ES
D.l U4

0.264418
B.287636

328548
7.374293
@.439856
8.37234¢
0.669953
8.857575
8.981156
1.873758
1.168992
1.328936
1.472814
1,7943186
2.088445

K= 5.0 GPa

0.0548

-©-
[}

=
<
1

31.773 kJ

DP/DMU

@.050000
0.00p3180
8.081121
8.0081877
8. na2895
0.0a4227
8.[aR5717
B.806719
0.A33821
2.040376
0.842478
8.045524

BSZ659
8.067427
n.a87a6?
a.118216
@.12vaz21
B8.131434
0.153378
A.19323A
0.276R28
8.252424
0.3283333
8.372853
B.467549
8.444453
B.51226m
B.532335
0.289183
1.814183
1.1268644
1.258444
1.3968861
1.555199
1.6999393

w e Rt
<bﬁnéfﬁmcwﬂm




Table A3. Coordinated failure model, UM - 1.7/0.95 (Fig. 8).

1.7 Mg/m3

100 kPa

N
|

= 0.3152

[

1.2287

P

a.o00001

51N

)

jureyaiatol
. 203208

R R ar R aci Ras KA RaA R un)

ol R Eay R A RS

1 0D

T )
[

1, 206006
1, 260000
1.450000

Saaae

1. 080070
0,080 108
i . 808 104

Input variables

S = 0.95

w

PM = 10.4 MPa
Output

¢O = 0.5640

EF = 6.243 kJ

LOADING PATH
Voo DP/DY

.085002
€

1., BE9543
7, 813564
B.017883
B, 828526
1.868812
8.av2es4
Lavesas
§,683214
H.898710
1.132343
L 172556

21

a

s
0~ 0l

A, 472838
9735587
A.68630858
844784
115628
.571918
.697339
.254413
. 773869
.917424
.B32886
. 243643
. 267588
967533
. 333922
.559914

~49-

K= 5.0 GPa
¢ = 0.0282
EV = 32.490
MU PP/DMU

8. a.
0.0000208 0.0500008
2.814656 D.0aRs515
A.819259 B.0a2173
8.822064 Q.0PR3564
0.8z58600 8.8R5354
0.028444 0.087563
a.831432 0.68098875
0.831835 B.0113435
8.834366 0.837925
0.833437 B.B39438
2.0844258 R.841423
0.8593246 0.0844565
g.evz2vo4g B.8513593
a.183104 2.865789
8. 126637 8.024337
0.154488 a.1avriy
@. 159315 B.124292
0.162424 0. 122657
a.195660 0. 1568442
f.221824 A. 190376
8.239822 B.223498
8.263287 B.256567
A.2961359 8.383475
8a.349466 B.375187
B.433127 6.478117
0.5438391 B.451411
B.639317 9.523868
B.822029 8.54r3@89
8.944512 0.816437
1.043368 1.811575
1.133268 1.112448
1.295489 1.233433
1.442403 1.368602
1.774725 1.584564
2.883395 1.619853

a. a.
a. B.A3E36S
e, 28 B.A25416
n.R259554 0.836514
B.02983 P.026618
L B.0836773
8.¢e 0.8326979
) 0.837237
0.831835 0.837413

kJ




Table A4.

]

Coordinated failure model, SM - 1.7/1.0 (Fig. 7).

1.7 Mg/m>

10 kPa

0.3417

1.3857

a.80a9rrn
ROAREATRINE]
MR RTR I
IRER R RIS

TR
(RIS R IR TR

P

R RRARIRIA ]

i,
i,
RIS RIS
I,
',
R
1,

G A0
MEataiaiais]
[pislniuiats]
LD0RN0R

[N v o]

a.
a.
.0oena3

vamnann
Pammn

g
N RIAINTRIE
RRERATA 5|

pataTixlale}

aRaaEe

Input variables

S = 1.0

+d
I

311 kPa

Output
¢0 = 0.5808

EF = 6.612 kJ

LOADING FATH
DP/DV
A

.BE5ROD
.BEBDS2
LBERT27
LBG1 186
.B61414
.BE 1826
.B62340
LOBZETS
3. BE6TSS3
N abgaiclats
LB77T113
081556
B, 122969
. 167259
.222352
SEARnA

RERRIE

LS4eTeN

L,

€.

Q.

0.

a.

0.

a. S

0. ~12.35P%73
a. -16.442434
8. -22.254618

UNLOADING PATH

D:
a.

-50-

K=5.0 GPa

¢a 0.

EV = 33.304 kJ

MU DP/DMU

0. 2.
@.000002 0.0850000
0.8a0087 0.035322
0.068280 0.035783
2.000560 0.0325794
0.0003833 08.835894
a.801393 0.836046
8.801945 B.836247
B8.002767 0.836498
8.885459 8.083271508
B.010634 0.038646
2.815535 0.04R64P
€.024r32 0.043588
8.844609 8.850369
0.075678 8.864374
08.839724 0.883171
8.128155 8.185519
0.132078 0.121879
0.136248 9.1261393
a.1vaave 9.147831
0. 196636 8.137736
08.214776 8.221242
0.238308 0.254970
0.271274 0.303348
n.324102 0.378581
@.405846 8.483335
0.514835 0.453761
7, 603050 0.536337
7.723310 B8.562556
0.987125 8.324297
1.806164 1.8039786
1.836651 1.185132
1.268913 1.217569
1.4108976 1.332767
1.754258 1.456531
2.878061 1.544150
0.080000 8.
2.800003 8.835643
0 .000087 0.835659




Table A5.

Coordinated failure model, UM - 1.9/0.90 (Fig. 8).

= 1.90 Mg/m>

100 kPa

0.2061

0.6930

P
aeaeal

.0DAn 10
.0ean29

aean3e

. BEan5e
.0aaa7e
.0oe10Q
.Ba0 194

1515
78

s lslalaydl
Malapyalsia
. 002000
.B04000
.005E008
Nslaiciafalo

OOOADOOIOIOAODOIDIITR

(ST o oo Rax Ras Rux R Bac W RacuRux o o Rao R a)

.t 5]

.0B96680
.810008
.015800
. 028008
Laz40ea
.a3e8en
. 840000
.06R8EY

.4ea0a8a
.SpA0ua
M ctalalatats)
.80a00a
Nlalaialats
580808
.apeooe

60066 |

. 606 1aaA
.606154

Input variables

%

EF

= 0.90

10.4 MPa

Output
0.4350

7.297 kJ

LOADING PATH

IGO0 IDGE

[aa]
+
4:-"
IRRGTYE;
40
£
=
3]

. 459557
. 450600
. 433063
. 452087
L4477 LY
LA38656
.434214
L4427 152
L417287

COOOOAOOENECEOOICEEROIBZEZTRD
3 4 P

DP/DYV

a.
-8.055002
-0.BaA763
-8.982568
-0.004833
~B.007530
-0.0811690
~B8.015111
-0.017836
-0,102546
~-B.1872394
-0.113758
-B.123361
~-0.145520
-8, 192886
-0.257483
~0,334948
-0,392183
-B8.487 155
-8.482135
-0.62R338
-B,734386
-0.849671
-1.,813618
~-1.271413
-1.676137
-1.863%27
-2.481855
-2.,922465
-5.619257
-8.196108

~18.024623
-12.6923295
-16.322694
~22.30945%4
-31.851538

UNLOADING PATH

8.5032428
&.503483

e

B.502412
0.562372

-51-

MU
a

0.0000206
a.822756
08.823754
0.033935
0.039358
0.0843073
8.047193
0.847661
8.049616
A.053533
8.057254
0.864185
0.073180
0.102633
8.12A878
@.142675
0.146484
6.143943
0,175556
B.197187
8.212112
8.232150
B.261281
08.3106906
0.323586
9.439701
6.594269
B.778621
08.892431
8.979261
1.056404
1.191317
1.3689116
1.560929
1.778634

8.045451
B. 8455093
B.B45654
@.845505
B.046117
7.B46537
B.046955
B.B47578
9.047661

K = 5.0 GPa

EV

= .0435

= 35.380 kJ

DPDMU
a

8.650208
P.ABA3Z26
0.601429
8.002392
0.0032688
0.005384
B8.007281
0.aRA3556
0.64%0381
8.0851067
B.653743
@.|asrrary
a.066683
0.085279
9.1035615
0.137636
9.157328
0.162682
B.187877
8.232003
08.266593
0.299427
0.3243278
8.404782
8.423000
8.47a831
B.528721
8.542439
9.878662
1.151677
1.296292
1.482437
1.697863
1.985685
2.296681

a.

8.847030
8.847098
0.84v227
8.847363
8.847566
8.847838
0.048177
8.048407




Table A6.

Input variables

1.9 Mg/m> S = 0.95
w
100 kPa PM = 10.4 MPa
Output
0.2238 ¢0 = 0.4477
0.7700 EF = 7.485 kJ

LOADING PATH

F Y DPADV MU

i, I 8. a.

B O g -A,A956A2 © 9.0RDR2D
U.nrwllm ' —B.DOIJ@” N.011563
o.t -a. 0.0815204
0. -R A.017420
0. -Q. 0.020373
0. ¥ -a, a.022466
ﬁ.DDﬂlHﬂ ~-a. 0.pz4870
G,AAMR NS -A. p.0825149
A 5 -a. @.8271v2
a A -0.F a.831222
a. 5 —E.10%4ﬂ4 6.835870
5 £, -0,114371 A.042233
a. 5] -0, 135824 B8.857745
a. 5] ~@, 1794506 0.0851930
a. a. ~R.240422 0.10P305
n.F a. -08.314143 0.123240
.t a. ~B,368878 8.127152
a. & -B,32333 B.129677
o, £, -0, 455679 A. 1365924
a G -0.,598332 a.1vgerz2
al 8. -A.70E253 B.194035
‘a, 0. -0, 817287 0,214312
5] 3. -8,981639 0.243540
i 5] ~-1.243131 0.292677
o. -1.685822¢6 a.3r74a87
Qa. ~-1.83%247 0.473868861
[} : 3 8.57208%
Al B.752633
5} 0.865770
u] 0.352986
e, 1.830883
g. 1.167663"
1 1.287938
1 1.547841
E.UDHBHH .522136

1.775388

L ORDING PATH

(AP RINTRERIA N
Hothentn

o.acnion

L O D %Db
Q.00104

8.825143

-52-

Coordinated failure model, UM -~ 1.9/0.95 (Fig. 8).

K= 5.0 GPa

by =

0.0224

= 36.063 kJ

DP/DMU
2

8.05A000
0.088779
R.A02751
0.B04511
9.0A6772
9.PR9S60
8.812475
n.014326
B.047464
0.0849382
R.851374
B.B55739
8.0964431
0.832526
B. 186241
0.133721
0.153347
0. 153450
0. 153564
9.227809
0.262941
8.296628
0.342144
8.407218

2.197349

ﬂ D4§ 85
8.846002
B8.846264
8.0846591
8.046813




Table A7. Coordinated failure model, SM - 1.9/1.0 (Fig. 7).

Input variables

- 3 - =
Po = 1.9 Mg/m Sw = 1.0 K = 5.0 GPa
T = 10 kPa PM = 311 kPa
Output
Z = 0.2427 ¢0 = 0.4611 ¢a = 0.
. 0.8556 EF = 7.706 kJ EV = 36.832 kJ
LOADING PATH
P DP/DY MU DP/DMU
a. a. a. a.
0.epaang -0.095080 a.00na082 8.050000
9.88ea03 ~-0.6883533 0.060070 8.043962
B.@B@DIH —9.@a399q B.0680226 8.044197
a.ar 5 g B.00R452 0.044304

8.600677 0.044431
0.0081125 8.044621
8.0a1571 8.044875
LREE1S 2.002235 0.045191
-6.p2E602 B.804468 9.846811
-8.6832184 B8.808584  0.0478394

ja iy

~-2.350272 6.543877 8.547765

a.amasnn a. -8.837793 8.812552 0.0850402
f.opieog o, -B.186172 8.819945 8.0854188
8.0 g a. ~6.125541 2.035936 8.862535
0.¢ 8. -8.167176 06.8603918 8.080058
@.BDFDﬂG 8.« -B.224710 0.886299 6.183191
A.8n9nna 8.4 -0.294757 A,102349 72.130153
B.oo2s08 8.4 -8, 34veay g.187362 B8.143514
0.810082 g, -@8.36[959 B.189358  0.1354%65
@.0t1snca @, —8. 438635 B.13rE11 8.179466
8.020200 8. ~8.561543 B.160142 0.223893
Q.024088 a. -B.672489 f.175555 B8.259524
S sicialalals] 0.« -8.785481 8.195862 0.234021
8.848008 a. -0.943877 0.225273 0.341164
B.OrCHﬂB a. -1.214498 0.274118 8.4085450
é. 5 8. ~1.639656 0.354087 8.560199
a. a,. -1.8882688 8.457737 0.482115
a. i

2.3

a.

2.

f.8

.

1

1

2

5] ~-2.87ar22 8.725904 B.565523
. ~5.362423 8.838321 0.885548
. -7.681738 6.925883 1.141976
a. =9.345371 1.884356 1.274416
a.: G -11.7v60374 1. 143156 1.448317
.0E0ARe 0. -15.818677 1.266034 1.627638
Rslalulala} 8.'1?692 ~-20.348332 1.534115 1.865108
[atalstatatal 8.1353372 -28.857565 1.771956 2.182247
UNLOADING PATH -

. 8.99E316 2. a.
0. 0aanEa 8.5 0.000002 8.0844114
3.8808693 8.‘ 0.080070 0.844134

-53~




Table AS8.

2.1 Mg/m>

100 kPa

0.1161

0.3508

=

A R AR

g

.B28200
i, uunann
. uu10un
B eezinn
0,8a401m
0.088::0
£, 8asanin
0. 809:500
.818000
2.815000
8. a;ounq

EQUUUG

(]

U R o

Input variables

S = 0.80

W

PM = 10.4 MPa
OQutput

¢0 = 0.3048

EF = 8.226 kJ

LOADING PATH

v DP/DY

B.476130 @,

76181 -8.105002
461279  -0.DOBERS
6.456327 -0.902298
B.454394 -0.@A3947
451196 -B.BA6254
445973  -0.003420
445791 -B.B13150
-446538  -8.B15773
-0.172121
-0. 179643
-0. 183625
-0.204852
~0.239958
-0.309336
-0.40062 1
-D.5B3644
-0.575516
-0.593924
-0.682765
~0.835130
-0.952483
A63505

'

e e o Ra )

.2387E63
3.852320

L 3EB7ED
:8A3831
2.197490
. 761653
. 7432458
.2278v3
. 086485

UNLOADING PATH

. 47161
< .J C;

i N oy

. 44E5E 1
. 446538

[sx N xR Nun i

-54—-

GGHDGEMBEWBG

e =~ OEORAARARIGCAONEOEAOIICCO RO D

MU

.000020
.032326
.042158
.B047969
»055396
.060386
.065800
.066406
.B67739
.870841 1
.872952
877694
.887998
. 184311
117246
. 133081
135893
137rar
. 157988
. 175097
. 187402
.204344
.223974
275844
. 357921
.459931
.552816
7398895
. 845687
921611
.987368
.893843¢
. 191581
.378879
.528974

L AE4920
. BE4335
LHESASS
LBES 295
BESZS3
AE5648

.BE5525
.BE6349
. 066486

K

EV

Coordinated failure model, UM - 2.1/0.80 (Fig. 8).

= 5,0 GPa

0.0610

37.99 kJ

DP/DMJ

0.050000
0.080279
8.001017
8.001721
B.BA2693
B.004808
8.885541
8.006608
8.871983
8.874849
8.875705
8.084362
8.037046
0.122600
8.154623
9.183450
8.2129328
8.218843
8.246780
9.292252
B.325662
8.354138
8.394178
8.436017
B.487343
B.459262
0.532903
0.537665
8.944446
1.317198
1.528938
1.739695
2.148438
2.669538.
3.331239

B.070674
0.0871008




Table A9.
3
Py = 2.1 Mg/m
PT = 100 kPa
Z = 0.1380
e = 0.4275
W
f_‘l
L|
L. aaonat
P.nunn]g

i

{1,

N, 00k
0.
RINNISTNS
[, ng
.
(s 1
0., anaGaa
o, a0 1amnp
B, RO2000

s 1LI1 §19]
.IU‘ :

.4“0000
.Sanpoe
N ={ajalatats
=iafalalalu
.Qoanoe
Npatafalajatal
.0oooog

(IS
0.0
Q.6
O.E
0.0
a.
n.a
O'k
8.
B0
5]

a
a.
8.
a.
B

a

a

a

1

1

2

.BHUIBD
8.000104

Input variables

S_=0.90
W

Py

10.4 MPa

Output
¢0 = 0.3220

EF = 8.551 kJ

LORDING FATH

v DP/DV
W Q.

-0. 195602
-A.AN1155
-0.00425
-0.06e7181
-n.211142
-0.016360
-0,822233
-B.026201
-B.147723
-@.154316
-0, 163243
-0.176474
-R.2REES7
-0.263662
-0.352833
-0, 445637
-0.516634
-B.534266
-B8.619965
-B.77B203
-8.888482
-1.882115
-1.158083
-1.392745
-1.748455
-1.995318
-2.504819
279118 -3.019666
262898 -6.168473
252216 -9.361209
243585 ~11.586166
230149 ~14.885425
.219874 -19.464453
201475 -27. 175850
@.186567 -38.735521

DRNDTADAROOCHOOTOOREOCOND

oo

UNLOADING PATH

8. 406364
B.468157
B.468129

-55-

MU

a.

9.000020
P.D16ES3
0.921777
0.AZ4639
B.AZ8814
A.0831538
8.034562
0.034905
P.0836369
P.939301
8.042087
8.047282
8.058547
8.076292
0.990260
8.187212
9.110209
B.112151
9.133501
8.151291
8.163961
8.181248
9.207 105
9.252785
9.332925
9.433472
8.525148
9.706106
9.811312
8.886028
8.954927
1.8690855
1.165746
1.363522
1.525313

8.833275

B8.833291

8.033434
8.833592
8.833750
9.834865
5.834378
B.0834844
0.834505

Coordinated failure model, UM - 2.1/0.90 (Fig. 8).

K = 5.0 GPa

¢a = 0.0322

= 39.038 kJ

8 DP/DMU
Q.0500n0
0.a00541
0.0m1952
0.7A3265
0.8A5332
0.007341
0.AP3921
0.011653
8.0865586
8.868224
8.071?777
8.077001
0.888768
08.112718
8.143182
B.176976
8.200157
8.206049
8.234187
8.281043
8.315722
0.347071
0.386755
8.438539
B.498633
8.497277
0.545492
8.552614
8.958516
1.383528
1.484794
1.752425
2.068443
2.528115
3.098485

Q.
0.862858
0.852948
B.063128
8.863301
8.063572
8.0863933
08.864384
0.064691




Table Al0.

.anaoal
.ﬂﬂﬂﬂlﬂ

.Bﬂﬁluﬂ
slals) 1114

P v e (20 2

DN axlince

[axRanlan]

COEOOE@EEHRA 0 0@ 0 G
Dl D S =

Coordinated failure model, UM - 2.1/0.95 (Fig. 8).

Po = 2.1 Mg/m3
PT 100 kPa
Z = 0.1499
e = 0.4709
w
P
a.
fa
E\
@.o
a.
8.4
n.r
ul
2}
0.7
8.

.DUDI@4

D 03 D

(s X )

SJalaJstals!

Input variables

S
w

Pu

4 =

EF

.476198
.476181

LAETS1E

= 0.95

10.4 MPa

Output
0.3314

8.749 kJ

LOADING PATH

DP/DV

58

-2, 185802
-0.AN2243
~F . BRFeS
-0.A13150
-n.019793
-@, 028002
-D . A366AE
. 042084
. 137155
-0, 143330
. 151703
-, 164115
1. 192511
A, 252087
G.331347
. 423493
A, 489483
-0.5A6604
-0.590442
~0.738981
-8.857172
-R.971625
-1.129921
.36988
735360

3.002201
.DE48R2
. 134186
.27BETE6
. 448779
.836524
. 177152
. 128547

f56-

= 5.0 GPa
¢a 0.0166
EV = 39.645 kJ
MU DP/DMU
B. 8.
2.P00A2P  ©.850P00
A.ANBS18 0.0n1059
a,811137 A.AR3732
0.012833 a.006114
0.015614 a.669168
n.816562 B.A12923
6.818343 0.016839
0.812550 a,.a19321
B.8206077 8.062c60
0.0823136 0.BE53596
0.026042 B.868814
R.831453 B.a72844
B.843197 8.085196
8.061643 Q. 188359
B.8v5138 0.1331688
n.B23638 B.171352
a.096726 B.194333
0.8sarz24 B.200199
0.128618 B.228356
9.1387v51 B.273757
B.1516082 B.311255
8.1696861 0.343669
8.192826 0.385136
B.248476 a.

f.319718 0.584778
@.419457 B.581312
8.510003  B.5522084
8.6858329 B8.368771
B.733157 B8.953942
08.87p268 1.226333
8.937737 1.452003
1.853387 1.729186
1.151956  2.829256
1.355256  2.455414
1.523327  2.974931
a.816843 8.

f.816866 0.060238
8.817B1S  8.868325
8.817180 8.0660490
8.817345  0.860664
4.817673  @.868524
8.618000 B.861271
@.918486 8.861785
8.818556 ©.861998
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Coordinated failure model, SM - 2.1/1.0 (Fig. 7).

Table All.
_ 3
Py = 2.1 Mg/m
PT = 10 kPa
Z = 0.1625
e = 0.5182
w

:a1unnn
.a15009

.49BB00
.Sannﬂﬂ

a.

RSl o R R

8.063096

a.

SR
SN
AR PR R
Sl 1ng
B PRI

47
.47
L7

Input variables

S =1.0
W
PM = 311 kPa
Output
¢0 = 0.3413
EF = 8.926 kJ
D ING PATH

v DR DV

3. 122503
1. 122832
123879
. 124262
L 127483
_.1332?3
4, 141124
L 182776R
L 175433
-.7?5733
F.3211238
L 3IBAT 43
463615
. 480259
.562074
708533
.826383
A.941272
181526
L 345453
7216534
. 94803535
2.456225
.983916
. 858647
L 385133
27R493
.8131@83
2.202203
25.195779
. 564763

3 L0

UHLGADING PAT

[wyRNa RN
[ acx Wncn)

&1
£l
616

{
(
-
f

-57-

fro R e

»Hhﬂd@@CﬂBB@GﬂDBNSGﬂDGBSEMBQ@GNSGBENSEDCNDGG

M

UU0054
.A0A173
.0AA345
.BARS 16
. BARBS58
.A01198
.001704
.B03361
.BHES43
Nalal-teirg
.015203
.B27406
.B46558
.B61543

La79611

.B832738
.084843
. 18v282
. 125735
. 138787
156416
182485
2277702
pctalofalals)
. 414853
. 424277
. 665888
7743209
.B31791
.312844
837060
. 137531
. 346553
.521227

Majaielaialo]
.fibaeaz
. 068854

K = 5.0 Gpa

¢ = 0.

EV = 40.318 kJ

bP~DMU
a

A, 85A000
a.,a5h7aaz
A,a57arvese
P.BaS3117
p,a52284
B.a5a8535
n,8528693
B8.0592826
0.068365
0.062240
A.AGR132
0.6870982z
0.831945
0.104428
0.133413
8.166036
0.188855
B. 194687
6.222318
B8.270663
6.396928
A.240361
0.3283588
0.441638
0.511298
B8.385583
A.553418
a. 5h344@
B.3957661
1.238625
1.4569438°
1.786261
1.888622
2.352018
2.862578

8.
8.857867
8.8578393




Table Al2.

L}

Input variables

1.7 Mg/m3 Sw = 0.90
100 kPa PM = 14.7 MPa
Output
0.2901 ¢0 = 0.5480
1.0913 EF = 5.938 kJ

LOADING PATH

P v DP/DV
a. 0.38323 &.
2.900001 8.592224 ~0,085082
B.oaa01a B.5972704 -0,0808532
B.HHQD“Q 9.5628163 -B.882173
a. @.565445 -0.PB3621
a.r B.nflLI -8.885727
a.n i 8.5 ~0.08843D
D.GUHIHD 8. ~0.011473
a.0aa147 8. -B.8157886
0.806208 a. -B8.8743945
2. 00040 a. -0.977352
0.008608 a. -0.882755
A.081800 a. -0.089327
0.802000 G. -8.186573
0.0U4HUH . -0.1426E0
a.¢ a. -1.182940
a.d a. -8.255624
a.c é. ~-0.382128
g.010000 a. -0.314674
0. 015000 A, ~-B,378255
B.O“DHUD a.. ~-0.560113
8. B, -8.685718
2.0 a. -8.715261
8.04HDUD 8. ~-8.878275
[apgatayalatala} a. -1.14rag2
g.108888 B.4U’941 -1.594651
a.15800a @.374113 -1.734453
D.°BEHHD 8

552247 —2.286689

SO RV

Capnnn
RRTAITAIME] I BT B R ~?1 e

UHLUNDING PATH

0.
D.HHDHUI

A, 600168
8.000147

-58-

8.
a.
a.
8.
a.
8.
a.
a.
a.
a.
8.
8.
8.
0.
0.
8.
8.
8.
8.
a.
B.
a.
0.
a.
a.3?4363
572346
8.
2.
a.
.873758
1.
1.
472814
1.
2.

5]
e

1

1

G

ﬂ

a.

MU

Benn2a
Bz2vp12
835329
04n3R4
646769
051287
asel14z
861858
PE3287
nce160
ar2869
Ba1644
180634
136295
153266
180436
185289
188253
228852
246721
264418
287636
328548

459856

6693853
837575
931156

1689392
323936

734316
088445

as7azn
L AS3ARY
LAS8248
Go3516
HS3782

f1.A59314

9.
@.
8.

353842
BeBE23
061858

Coordinated failure model, UX - 1.7/0.90 (Fig. 8).

= 5.0 GPa

= 0.0548

-©-
[

EV

31.773 kJ

DP/DMU
a.
0.750000
9.000333
9.001202
.002710
8.083034
B.004506
9.0P6073
9.008235
8.033A50
B.040376
9.042478
8.045534
9.852659
9.067427
8.087067
8.110216
8.127021
9.131434
8. 153376
8. 193280
8.226028
B.253424
9.3083833
8.372059
8.467543
9.444483
8.512268
8.532925
9.873183
1.014183
1.120644
1. 250444
1.320061
1.555199
1.699939

9.838521




Table Al3.

Py = 2.1 Mg/m3
PT = 100 kPa
Z = 0.1380
e = 0,4275
w
P
a.
8. aa0ael

(RN
(RN
1.
I,
[RIN
i,

pBrnnin
Hlllhlvll

'HHH 1
[RIRIRRERIN

ST

i,
il
.

0.

0.
Q.
a.
.
0.

Lulnonge

L E4a009
.0E0RaD

[RIRTRNM
[RIRIRRRIRIA]
[NERIATRINtE]

A IARSAIAIS)

nowna
NAEna

Input variables

Coordinated failure model, UX - 2.1/0.90 (Fig. 8).

Sw = 0.90 K= 5.0 GPa
PM 14.7 kPa
Output
¢0 0.3220 ¢a 0.0322
EF = 8.551 kJ = 39.04 kJ
LOARDING PATH
Vo DP/DY MU DP/DMU
7.476198 a. 8. a.
g.476181 -0, 1@5@82 0.006020 ©.058200
Lo -n, 7n.115509 B.nNNS81
Uo-Ihi 22 =0, B 0.08202388 9.002033
BATE R Ay I S o = 0.023149 0.003496
-0, ﬂlloha B.D:thQ 8.020n5376
-0.017 wbb e, 0.Ra7823
: 3 a. 0.n1n%43
n. n.r
a. 0.t
A.E a.E
a.a8 4“ﬂ8? D.E
0.847232 A.E
B.858547 a.
B.evs292 0.
8.0898260 9.
g.1av7212 - 8.
B.11RA209 2.
0.112151 B.z2B5843
8,133501 B.234187
0.151291 0.,281843
n.163361 B.315722
5 0.181248 8.34rar1
. 153PE8 0.207185 a.3286755
. 392743 B.232705 0.423598
. 743455 0.332925 0.438633
.995313 B.433472 9.497277
.504013 8.525148 9.545402
LD 19666 B.706186 9.552614
. 1684783 0.811312 0.9358516
.361289 0.888028 1.303500
.386166 0.954927 1.434794
.885425 1.869@5S 1.752425
..464453 1.165746 2.068443
. 175850 1.363522 2.528115
. 735521 1.525313 3.890485
UNLOADING PATH
S 6.833275 a.
. B8.833231 0.062858
50N 0.033434 8.862548
@, B.AZ3592 6.863128
0. 6.833758 8.0633081
a. B.834865 B.063572
6. 0.8343278 8.0532933
0. 0.034844 B8.864384
. 9.035566 0.865877

-59-




Table Al4.

1.7 Mg/m®

10 kPa

0.3417

1.386

B.BBG“HD
D.éﬁ&ﬁi
0.000N20

XN N

.HGQHHB
L HE9ERD
,n1nnna

fn i wa Raet Jeo B wA RN

o T

e

[enam}

[N
[.°
A,

a.

1.

1.
:.annhﬂ
n,

L, N00aGA
[ABRRINTAISTRY

CEE@E®!

Input variables

S = 1.0
\4
PM = 68.9 MPa
Qutput
¢O = 0.5808
EF = 6.612 kJ

LOADING PATH
& DP/DV
; 5}

~B.855800
-0.868483
-8.,0EAFEL
-@,B6a%0A
-A.A511086
-8.861414
-A.PE1826
~fA.A62348
-8, 063675
B .BEEVES
B.87v09a3
Lav7113

.ﬁqlqrﬁ
§. 122969
_.167259

222552

. 264854
A,276283
.334118
A, 447081
L S4ETRE
RI2BD23
.81181&
.B83348
.5438510
LBERA2E1
2, 221264
2.746318

PT2514
LSE7338
.q02339
111.0.\_1
.usaé?3
. 442434
LIHING —22.254618

I T OCAMAEEMDIOEAEAEEAD DT
- LR CA

1T T

=

CUHLOADING PATH

—-60-

EV

MU

B.0060R32
7A.000193
0.6800230
0.00B560
a.nan538
0.981353
B.881943
2.802767
a.665459
A.A1BEZ4
0.615555
A.824732
@.044€89
B.873678
7.895724
0.128155
8.133678
0.136248
8.178870
@. 196636
8.214776
@.238388
g.2v12v4
8.324102
B.485846
B8.514835
f.6E8050
B.725818
@.987125
1.886164
1.896651
1.268913
1.418976
1.754258
2.978061

(15
.B0R133

whﬂ~®CD@QN3®CQ@GHSBCS@CDQGNS@EQSGMS&GNDQCD@CDP

Coordinated failure model, SX - 1.7/1.0 (Fig. 8).

= 5.0 GPa

= 0.

= 33.30 kJ

DP~/DMU

. 850008
.P35527
.R35728
.B357%4
,R35894
.B36046
L B36247
. 8364358
LB37158
.BZ8646
. 048648
. 843588
.B58383
.Be4374
.B83171
. 1855193
.121879
. 126189
. 147831
. 187786
.221242
254978
L 2R3348
LE73081
483335
.458761
. S36397
562556
824297
. BB3786
1.185132
1.217569
1.332767
1.456531
1.544150

a.
0.035643
8.635678




Table AlS.
Po = 2.1 Mg/m3

PT = 10 kPa

Z = 0.1625

e = 0,5182

w
P
ul.,
a.

[s

(IR B B A R a
PN

ol
S

o T

o 0D

0, 0-1n08e
bG8
L, LEETe
[N R 5]

Input variables

S =1.0
w
PM‘= 68.9 MPa
Output
¢0 = 0.3413
EF = 8.926 kJ

LOADING PATH

DP/DYV MU
@, 8.
-§. 1856600 0.086082
-A. 121657 a.8001139
1. . -8.121851 0.a08173
@.47e028 -A,122163 @.00868345
0.475345 -0, 122583 8.8680516

~B.1238392 8.008858
. 123879 ©.881138
A.124862 @.681704
G. 127403 f8.803361
B,133273 0.906543
. 141124 a.8m3567
3. 152776 B8.815203
1. 179439 B.827406
B,235738 7.846558
L311258 7.0861549
B.393743 8.08v9611
L463615 8.8827838
1., 450258 8.8584843
.562074 8.107282
B.7AB5323 A.1257353
5, 826393 f.138787
.341272 8.156416
AB1S26 8.182485
L3AB453 0 B.227772
21654 0.306085
. 9420395 A.404898
LABR225 B.494277
2, 983918 0.659888
.258647 @.774383
. 905133 8.851791

.A75782

.B131A9 1.837060
8.202288 1.137531
. 195779 1.346558
. 964769 1.521227

LNLOADING PATH
8.00R888

B.476136
B.476158 0.800602
B.476134 8.000119

-61-

. 978493 8.919844

Coordinated failure model, SX - 2.1/1.0 (Fig. 7).

K= 5.0 GPa

¢_ = 0.

EV

40.32 kJ

DP/DMU

.A50000
.B57325
.058688
.B38117
.058284
.B58535
. 858869
p52286
. 0668365
.062840
.B66132
.arns382
.081945
. 194428
.133413
. 166836
. 188855
. 194687
.222818
. 278669
. 3063928
.340361
.223588
. 4416389
511238
. 505593
.359419
.565448
.957661
. 290625
. 4634308
786261
.998622
.392819
.862578

IOV

NN~ ——~000000I0ROREIORNOREOI®

a. »
8.857867
8.0857925




Table Al6. Coordinated failure model, CM - 1.7/0.90 (Fig. 9).

Input variables

by = 1.7 Mg/m’ 5, = 0.90 K = 5.0 GPa
P, =5 MPa P, = 2.5 MPa

Output
Z = 0.2901 by = 0.5480 4, = 0.0548
e, = 1.001 EF = 5.939 kJ EV = 31.77 kJ

LORDING PATH

MU DP/DMU
6.008200 p.asm0ea8
A, 868400 f.A50pE0
a, 0060600 A.650080
@.001000 B.A%AR60
0.813139 0.081413
2.0508126 8.6a2004
B.0660318 8.8083312
9.AL3537 0.004588
. : a.062160 A.049456
a,08 S R.872868 0.042473
0.883327 A.081644 0.045584
. 108634 0.052653
A. 130235 0.067427
B.133266 0.837067

=

. 188253
. 220852

246721

B.237636
B.320548
B.374203
. 459856
A.572346 .
9.669953  B.512260
B.857575  @.532985
#.921156  B.8RI1683
1.879758  1.814183
1.168992  1.120644
1.228336  1.250444
1.472814 . 1.390061
1.794216 - 1.555199
2.888445  1.699339

=JUI R

IOU RN R R e}
[ Xun}

‘f"-.‘»—-r—-l

(ux

GO

O X (W

838799

XL

-62-
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Table Al7.
_ 3
Po = 2.1 Mg/m
PT = 5 MPa
Z = 0.1380
e = 0.4275
w
P

9 UUU_IS

=

xR a

o

T T

T )

Input variables

0.90

21.5 MPa

jae
]

Output
= 0.3220

©-
(]
I

EF

8.552 kJ

LLORDING PATH
DRADV

.105105
183168
LBE547 1
LBA7S1S
.B12734
.B1vort
L 154653
163242
.1(h4r4

T.JIbG

'.'u4“b6
3.610965
-0, 77RZAS
.\_-00487
.682115

-63-

MU

LBEAZHD
.BEB400
.0aRean
.Ba18680
.083751
.B17395
L0247 14
.B36534
.B393A1
. 8428387
.B47282
.B58547
.A76232
.038268
Lleral2
. 110289
112151
. 133501
. 151231
. 163361
. 181248
2BV 185
.22278%

311312
.883028
.254927
.BE3855
165746
363522
.525313

whﬂdFJSBEDBEHUOEQ@CDGEMSGWS@CJ@GNSGCJEGND@CQQEMSQ

[ By

[ wx Ry aed

.636594

Coordinated failure model, CM - 2.1/0.90 (Fig. 9).

= 5.0 GPa

= 0.0322

©
1

EV

39.04 kJ

DP/DMU

M alstajalala)
. 856000
Majstalalala]
atafafala)
. AB2580
.BR3487
.aRs7ea
.Barars
.B68360
.Bvivee
.A7ren!
.Baa763
112718
143182
. 1763976
.2aa 197
. 2ARB49
. 234187
.281849
.315722
.34ra71
.286755
.4q059@
. 498633
497277
L 545482
.552614
95R516
ZB35R0
. 494734
752425
.B52443
528115
.0908405

UHQN-Aprﬂﬂ@C}&GﬂS@CDBGHS@CQ@GHBBE)SGHS@CDGCMS@CQS

.BE2939
LB63120
.BE3381
.BE3572
.B63933
064334
.BE5550
0.066587

DEEIDOR




Table AlS8.

Input variables

1.7 Mg/m> S = 0.90
w
5 MPa PM = 25.1 MPa
Outgut
0.2901 by = 0.5480
1.091 EF = 5.939 kJ

LOADING FATH
DP/DV

Ut A |
M m
o

P o |

O 00 U=
N Ul N

. 86

i 2650
a. 3. BE3906
i, pEseEs4d
. 5.016260
i 1.8B72574

[ R RN IR
[N ST TR

il gy
P i gint
(RIS ARERIRIFIA]

=00 0 ) D

1
—

=]
-15.268455

3 -24.340076

HHLOADING PATH

(Fan]

(s

T
o

8 T T

-64—

MU

Coordinated failure model, CX - 1.7/0.90 (Fig. 9).

K= 5.0 GPa

¢_ = 0.0548

EV = 31.77 kJ

5 DP/DMU
2.880280 0.650008
a.8na400 9.059P08
B,00RERB B.OS0000
0.601600 0.053890
8.013873 ©.8A1554
8.R27476  ©0.002205
0.055a84 0.6R3633
#.0E4455  8.605374
B.NEB16D 0.040649
A.A72863  B.R42478
9.021644  §6.0495524
A.1AA634  B.A%2659
7.120239  B.RE7427
P.153266 0.057867
A.12R436  0.110Z16
f.18%52099 0.127021
@.182253 8.131434
9.22p852 0.153378
9.246721 B.193288
A.264418 0.226R28
0.287636 0.255424
B.320543 ©,203833
A.3274303 B.372059
B8.453856  8.467549
0.572346  0.444483
B.669953 0.512260
0,.857E75 0.532985
9.921156 9.803183
1.8739758 1.814183
1.168932 1.120644
1.323936 1.250444
1.472814 1.330861
1.794316 1.555199
2.888445 1.699939
B.HST e.
5 = A.@Z7264
a.858 B.B37370
& a B.837476
B.059 8.B37636
0.853 8.837843
' B.68323113
. 2 a.08387393
B8.864495 ©9.839599




Table Al9.

Po = 2.1 Mg/m3

PT = 5 MPa

Z = 0.1380

e = 0.4275

w
_ P
a.
D.ﬂﬁﬂﬂlD

1D R 0D D DD s

@,

i,

lh
I,
it
0.

SEADOE

N=tajatninie]

~ 0000

coauntn
I RIRIRTR NN

lu\\ Rl
et
[RIRIR S|
[BIBIE NI}
VT
(RN IS

ﬁ.

OOEDIECEQOEIARIIOAOAOOIOREEEOCOERaRT '

Input variables

S = 0.90
w
PM = 25,1 MPa
Output
¢0 = 00,3220
EF = 8.552 kJ

LOADING FRTH

DP/DV
a.
-8, 185821
-@. 185063
-@.185185
-f.185168
—@.QUHM4°

-0.16?“40
~0.17a474
A, 286657

;.44”5ﬂ7
1.516654
1.534266
1.619965
L7TBz2E9
.28R482
.80”115

un

g ?45
.?48455
,9953218
LSB4a13
819666
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—wu—mkSGCDQCJQCQGHS@CJ@EDESHDGMB@EQ@CNDSCD@ED@

MU

a.

a.00azne
a.080408
. BEREBA
.0a1aR9
.BagEpla
.B15835
.851671

.D4°Ub?
.B4rz282
.058547
LB76292
830260
Ller2iz
. 118283
. 112151
. 133501
151291
. 163961
. 181248
.2a7 183
252785
332925
.433472
525148
. 786106
.811312
.88En28
.354927
.B63055
. 165746
. 363522
525313

0026365
B.037131

Coordinated failure model, CX - 2.1/0.90 (Fig. 9).

K = 5.0 GPa

¢a

= 0.0322

= 39.04 kJ

DP/DMU
4}

a.
0.
a.
8.
8.
8.
a.
a.
8.
a.
a.

650808
lafatalafala)
650000
ASEEE8
BR2e51
alarct=Rlsy
BaE31S
BR93480
868636
arivee
avveal

a.028768

a.
a.
a.
a.
6.
a.
a.
0.
8.
8.3
a.
a.
a.
8.
a.
2.
1.
1.
1.
2.
2.

3

112718
143182
17TES7E
280157
206849
2324187
281049
315722
34rori
26755
438590
498633
a37z27v?
545482
552614
958516
303500
4847394
752425
RE8443
528115

. 098485




Table A20. Coordinated failure model, RM - 1.7/0.90 (Fig. 10).

Input variables

= 1.7 Mg/m® S

DO = v 0.90 K= 5.0 GPa
T = 8 MPa PM = 34.5 MPa
Output
Z = 0.2901 ¢0 = 0.5480 ¢a = 0.0548
= 1.0913 EF = 5.940 kJ EV = 31.77 kJ

LOBPING PATH

P DRIV MU DP/DMU
0. n. 5 a. a.
n.annen 0. -3,885A17 7.p0A200 @, A5RERA
f.anm {1 @, 008400 8.R50p08

0.008e08 a.0506800
&6.001680 0.850006
8.661460 a. ﬂdnﬁﬂg
0.081600 515

G, i -, Bla1137S

0. E] —=fi1. 0.041476 i

0. .t ~-A.8108a2 B.066824 A.AES719
a. S —D.Gra 12 a.8e8166 6.841148
0. (S - 2 0.072859 68.6842478
0. n. g n.021644 0.045524
Q. (S g.108634 B.E852659
a. . @.12829% @.RAET427
a. R R, 153266 A.NATARTY
G. a. B.188436 8.118216
I [N a,1852a% 0.12v021
C. 5 a.188253 0.131424
. o, @.22a852 A, 153378
a. 5] a.246721 8.193288
G, g, 8.264418 @6.226028
0.€ a. »D.?l cﬁl A.287€36 B.258424
a. 4] -@.878zvs 8.¢_054o B.383833
£, . . 14vaa2 6.3743803 B.3720353
a. a. 8.459856 8.457549
&l SR A.5723246 8.444483
Inl 2. B.6£9953 a.512260
a. a. 0.857575 9.5323885
a. 518 & B.981156 8.889183
a. 5] .lazqn1 1.879758 1.214183
a. @, Sﬂ 145 1.1639392 1.128644
8] a. .733134 1.328336 1.258444
1. a. ..6@91?5 1.472814 1.33%8861
1. o . . 268455 1.794316 1.555198
2. HUDUUU 5 9486?6 2.8884435 1.659938

.857538

0,

@, qu4?b
8.827636
8.0837848
R.038807
8.838166
a SIRCIR AR B8.838799
i UUUﬁJS A, ! 1 i, 0668, 4 a.04p091

o R o s sy
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Table A21. Coordinated failure model, RM - 2.1/0.90 (Fig. 10).

Input variables

Po = 2.1 Mg/m3 SW = 0.90 K= 5.0 GPa
PT = 8 MPa PM = 34.5 MPa
Output
Z = 0.1380 ¢0 = 0.3220 ¢a = 0.0322
= 0.4275 EF = 8.552 kJ EV = 39.04 kJ

LOADING PATH

DP/DV MU DP/DMU
a. a. a.

-B. 1856821 6.0a6200 8,e50000
-8, 185853 a.0600480 a.e5a00a
-8, 185183 8.808600 8.n5aa08
-3, 185168 o.001680 0 .a50000
-3, 185252 @.001460 B.850000

-, 1B5215 a.001600 0,A50800
~0,008458 f.006606 Q.603995

R.A12562 a.622919 0.088sS776
0.A2219 8.038518 8.68[99328
98 8.839:201 8.069531
: a.6042637 0.a717?e7
n.047232 f.arcanl
0.852547 @.a23768
a.076232 8.112718
8.6820260 8.143182
1. 4428637 a.1erz1z2 8.1763976
B.9166584 a.1102e3 a.2680157
N,534266  'B.112151 0.206049
@.133581 0.234187

@8.151291 0.281043

8.163961 8.315722
a,151248 fa.3247varl
g.2av 185 0.326755
B,252705 @,438530
L3 : B8.428633
i 6.437277

@a.
8.7v0c 186 0.552614
a.811312 0,938516

2

9 .545482
=

3

3 p.892@28  1.303500
6

5

8

1

§.954927 1.494794
1.8€69055 1.752425
1.165v46 2.088443
1.363522 2.528115
1.525313 3.08950485

im0
Tores ) Ja
LI Y S~ Ty e e

[ e b £33 000 D

VNG PARTH

a.
G.a62939
8.063128
1, 6 3 g.863381
A.834865 B.863572
A.834378 @.963933
B.B83453 0.8c4284
6.834244  £.864474
7.836363 8.865550
0.030%5186 8.0867741

R X
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Table A22.

1.7 Mg/m3

8 MPa

0.2901

1.091

n.
.

UDDWIG

LR IIIH
LQ1snna

.1ﬂmunn
L 1SE0ENR
el ulsisaln]
L 30CH00

2. DLII A0nQ

Input variables

Sw = 0.90
PM = 60 MPa
Output
¢O = 0.5480
EF = 5.941 kJ
LOADING PATH
DP/DV
. 8.,
o, ~0.085017
@.° -0.0885851

NASNNS

;.3?8?

-.500113
0.6057 13
.71 lgFll
.BrE27S
. 147882
.984661
734453
2.286603

.?wula4
. E6E9175
. 268455
. 940075

LHLOADING PATH

(W o)

Dl s e R ac I o O

]

R

—68-

MU

a.

8.
8.
ANNENA
LA01B0d
.an1400
0D 160a
L 8ER942

0 02 05 TS o,

=0

oo

hJD—HHHH@@@S@@@@@@@@DO@QBQ@DGD‘D‘DDQ

N R ]

800200
800400

.D31438
LBSEZE31
LB72EES

.05 1644
. 1BR634
. 1368295
. 153266
. 130486
. 185289
. 188253

. 220852
246721

.264413

287636
. 320548
. 374383
. 439856
. 972346
663953
8575739
.931156
073758
. 1668992
. 328836
472814
. 794316
.888445

.B6B165
LBEEE29
LBE3287
.B68168
.B72869

Coordinated failure model, RX -~ 1.7/0.90 (Fig. 10).

K= 5.0 GPa

¢a

6
a

a.
a.
8.
8.
a.
.226A28
a.
. 383833
.372059
a.
. 444483
.512260
.932985
.8B3183
.8141832
1.
1.
1.
.555199
.693939

a

4
4}

4]
4]
8
8
1

1
1

u,

LA37264
.B37370
837476
LB3ITEZE

a
8
B
a
a.
8.
a.
a
8
(4}

= 0.0548

= 31.78 kJ

DP/DMU

52659
@b?427
.B8vaey

11p216
12v821
131434
153378
193288

258424

467549

120644
250444
358061

BI7E48
BI86n7
@28166

.B33739
.B48376
.B42478




Table A23.| Coordinated failure model, RX - 2.1/0.90 (Fig. 10).

2.1 Mg/m3

8 MPa

N
]

0.1380

0.4275

Fl

.BERRIA
.CBDG:D

nl@ﬁ@

EOADOMRTIICD@EDOE

.UDUHUn

:Dngnaa
. 004088
.BOCBeg |

[RERAIR SRR RN

ORI T DR

.4»"1"“

Input variables

S = 0.90

w

PM = 60 MPa
Output

¢0 = 0.3220

EF = 8.553 kJ

LOADING PATH
y DP/DV MU
—32185821 .
-0.1685105

-0.185252 - 0.061400
~R.185315 0.081600
-B.811717 6.685209
-3.816588 B.818172
~3,820677 - B.B32566
-B.847454 - B.842087
-8.176474  8.847282
-0.286657 8.858547
b » . B.B76292
8.0998260
a.1av212
a.118289
8.112151
8.1335n1
0.151291
0.163%61
e 8.181248
.lq ufafe] 8.207105

rJC 0.252705
.?48 i) A.332925

’1;;‘1";6

[ I |
——

1.9953148 0.433472
~2.504019 n.525148
-3.081¢ 8,706 186

!
uy

-3.361289 - 0.888028
13 -11.586166 8.954927
149 -14,885425 1.863055

L219874 -13.464433 1.165746 .-
L201475 -27. 1750850 1.363522
.1Hud6? ~38.735521 1.525313

UNLOADING PATH

. 3]

DQ4Q?H
@ AZ4533
a,034544
B,B36368
8.033301
8.042087
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a
©a.
-8.185063 - 8.888488
a.
-@.185168 . 6.8@1@@8 .

.16R473  @.811312

= 5.0 GPa

0.0322

-
]

EV

39.04 kJ

DP/DMU -
B

' .050000 °.
. 0.058000

0.950000
©.050000

. 8.850000

B.p50000 .

. 8.005542

8.p07714
08.813835
0.621085
B.6vvo01
0.088768.

-8.112718°
18.143182 -

0.176976
8.200157
8.206043
6.234187
8.281849 |
B8.315722

.0.247071

9.386755
0.435590
8.498633
0.437277
0.545492
8.552614
B8.950516
1.383500
1.4324754
1.752425
2.068443
2.528115
3.0890405

8.

8.862939
8.863126
8.863381
8.863572
B.863933
8.864264
@.864474
8.0865558
6.868224
0.e71777




Table A24.

Coordinated failure model, CX - 1.7/0.90 (2.5)(Fig. 9).

1.7 Mg/m>

5 MPa

0.2901

1.091

‘H‘\

@

1

Ledbor

Input variables

@D EREZTERC

BRI IS

T T T T

m o

S = 0.90
w
PM = 25.1 MPa
Output
¢0 = 0.5480
EF = 5.939 kJ

LOADING PATH

DP/DY MU
5 a.
-8.842 ql? a. anaaaa
239 A,Bea208
0.981280

a.an2eaa
. 113873

5} .
A, 188233
[.,228852
. 1113 g8.246721
-0.685718 a.264418
-6,715261 8.287536
—E].qbt...|d a,328542
-1 f8,374303
~1. @.455856
-1. B.8572346
-2, 8.669553
-2. 8.85v575
=53, 281156

1.873733
1.168322

= 1.328936
.FDSI?J 1.472814

.25u455 1.754316
.54B876 2.088445
THE PR

U Hb44”5
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©-
1

EV

=~
it

2.5 GPa

= 0.0548

31.77 kJ

DP/DMU

R25008
a238008
[adabstatala]
B25000
oa 1684
LBEZ2AS
LBB3533
.841649
.B4z24
U4558
L BS2653
aar42v
RETHE?
1182186
127R21
121434
. 153378
193228
226028
258424
303833
372059
467549
444483
1326ﬂ
. -_1\_12q
Gjlqg
9141“”
. 128644
. 250444
1.350861
1.555199
1.695939

N axRas]
« . .

'—*'—'H@QB@@BE@@@@B@@@@@@@@'QG@EQS




Table A25.

1.7 Mg/m>

5 MPa

0.2901

1.091

P

DR IRIRTRR SN

T, n"vl-\; il

nnn 1ea

ap2og

o N an e e Ry ot Jacy e a2

ax}

s R R ]

£ v O O G OB 0 5

Do ) Ha lwn Ny

A A

A R RN

= 1;'_;- Dol

Input variables
S = 0.90
w
PM = 25.1 MPa
Output

¢0 = 0.5480

EF = 5.939 kJ
LieieibE FATH

DRI

A, 018260
7.878574
B,BR2755

. EA3175
5.268455

.234B376

UHMLDADING PATH

D WAl sl

-71-

N, e IOEEOOIOOIOCINCRINIIENDEDHID

MU

D@

.eAa4nn
.ADAGET
013873
827476
.055004
.A64435
065160
.87 2069
.08 1644
. 100634
. 130295
. 153266
. 160486
. 185209
. 185253
. 220852
246721
.264418
. 287636
328543
374303
. 459856
.ST2346
.669953
.857575
.981156
879758
. 168932
.328936
.472814
.794316
.088445

.B63207
. 864435

.@0R133

Coordinated failure model, CX - 1.7/0.90 (7.5) (Fig. 9).

K=17.5 GPa

¢a = 0.0548

EV = 31.77 kJ

9.9A5374
0.040649
0.042478
9.045584
n.852659
0.B67427
n.087A67
8.110216
n.127921
B.131434
B.153378
8. 193250
B.226028
7.255424
A, 303533
B.372055
@. 467549
B.44443%
0.512260
8.532935
9.809183
1.014183
1.128644
1.250444
1.35P861
1.555199
1.699939

a.
A.837264
B.az273ve
@.837476
.@.837636
8.837848
8.838113
@8.838793
8.839599
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